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THE ANALYSIS OF TOPSIDE IONOGRAMS 

John E.  Jackson 
Laboratory f o r  Space Sc iences  

NASA Goddard Space F l i g h t  Center  
Greenbe l t ,  Maryland 

ABSTRACT 

The r e l a t i v e l y  s imple N-h a n a l y s i s  t echn iques  used f o r  
t h e  r e d u c t i o n  of A loue t t e  I ionograms (ob ta ined  from a 
h e i g h t  of  1000 km) were found inadequate  f o r  t h e  r e d u c t i o n  
of h igh  a l t i t u d e  ionograms from Aloue t t e  I1  (3000 km apogee).  
I n  some c a s e s  t h e  Aloue t t e  I1 N-h p r o f i l e s  c a l c u l a t e d  wi th  
t h e  A l o u e t t e  I r e d u c t i o n  t echn iques  were i n  e r r o r  by a s  
much a s  50 km i n  a l t i t u d e .  The techniques  d i s c u s s e d  i n  t h i s  
r e p o r t  have improved t h e  accuracy of t h e  A l o u e t t e  I1 N-h 
a n a l y s i s  by a t  l e a s t  one o rde r  of magnitude. The improved 
N-h program is based upon a parabolic-in-log-N l amina t ion  
t echn ique ,  t h e  a c t u a l  va lues  of  t h e  e a r t h  magnetic f i e l d  
a t  a l l  h e i g h t s ,  a change i n  v a r i a b l e  which r e n d e r s  t h e  i n t e -  
grand f i n i t e  a t  t h e  r e f l e c t i o n  po in t  (and va ry ing  s u f f i c i e n t l y  
s lowly  e l sewhere  t o  be c a l c u l a t e d  very a c c u r a t e l y  w i t h  a 
3-point  Gaussian i n t e g r a t i o n  t e c h n i q u e ) ,  and i t e r a t i o n  u n t i l  
s u c c e s s i v e  c a l c u l a t i o n s  agree  t o  w i t h i n  0.01 km. A new 
technique  is desc r ibed  which i n s u r e s  and a c c e l e r a t e s  t h e  
convergence of t h e  i t e r a t i o n  process .  The s e l e c t i o n  of d a t a  
p o i n t s  is d i s c u s s e d  and i t  is shown t h a t  a c c u r a t e  r e s u l t s  
can be o b t a i n e d  w i t h  t y p i c a l l y  t e n  t o  twenty p r o p e r l y  s e l e c t e d  
h ' - f  va lues .  An important  a r e a  where g r e a t  c a r e  is r e q u i r e d  
is i n  t h e  a c t u a l  s c a l i n g  of ionograms, p a r t i c u l a r l y  when 
c r i t i c a l  p o r t i o n s  of t h e  t r a c e s  a r e  hidden by l o c a l  resonance 
e f f e c t s .  Although t h e  N-h p r o f i l e s  a r e  normally d e r i v e d  from 
t h e  e x t r a o r d i n a r y  ' t r a c e  , s i g n i f i c a n t  improvements i n  s c a l i n g  
accuracy can be achieved by making use  of a l l  t h e  in fo rma t ion  



a v a i l a b l e  on t h e  ionograms. The i d e n t i f i c a t i o n  on t h e  
ionograms of l o c a l  e f f e c t s  (plasma resonances  and propaga- 
t i o n  phenomena a t  t h e  sounder)  has  been c o n s i d e r a b l y  
s i m p l i f i e d  by making use  of s p e c i a l  t a b l e s  computed f o r  
t h i s  purpose.  These l o c a l  e f f ec t s  a r e  used t o  v e r i f y  t h e  
i n t e r p r e t a t i o n  of t h e  e x t r a o r d i n a r y  t r a c e  and, when d e s i r e d ,  
t h e  r e s u l t i n g  N-h p r o f i l e  is checked w i t h  t h e  a i d  of  t h e  
Z- and 0- t r a c e s .  The t o p s i d e  sounder parameters ,  c a p a b i l i t i e s  
and l i m i t a t i o n s  a r e  d i s c u s s e d  i n  d e t a i l  and i l l u s t r a t e d  w i t h  
graphs i n d i c a t i n g  t h e  temporal  and geographic  coverage 
a v a i l a b l e .  



THE ANALYSIS OF TOPSIDE IONOGRAMS 

by 

J .  E .  JACKSON 

I .  INTRODUCTION 

The i o n o s p h e r i c  s o u n d e r  ( i o n o s o n d e )  i s  t h e  most  p o w e r f u l  

t o o l  f o r  the  s y n o p t i c  d e t e r m i n a t i o n  o f  t he  i o n o s p h e r i c  e l e c t r o n  
d e n s i t y  N ,  a s  a f u n c t i o n  o f  a l t i t u d e  h and o f  g e o g r a p h i c  l o c a -  

t i o n .  A l t h o u g h  a n  i o n o s o n d e  d o e s  n o t  y i e l d  d i r e c t l y  t h e  N-h 

f u n c t i o n ,  t h e  i o n o s o n d e  d a t a  can be  c o n v e r t e d  t o  N-h d a t a  by 

making u s e  o f  t h e  m a g n e t o - i o n i c  t h e o r y .  This  t h e o r y  i s  con- 
c e r n e d  w i t h  t h e  p r o p a g a t i o n  of  r a d i o  waves i n  a n  i o n i z e d  medium 
i n  t h e  p r e s e n c e  o f  a m a g n e t i c  f i e l d .  T h i s  s u b j e c t  i s  s u f f i c i e n t l y  
b r o a d  t o  be t h e  m a j o r  ( a n d  sometimes exc lus ive )  t o p i c  o f  a number 

o f  t e x t b o o k s  (Budden 1 9 6 1 ,  K e l s o  1 9 6 4 ,  R a t c l i f f e  1959) .  How- 

e v e r ,  f o r  t h e  s p e c i f i c  t a s k  o f  r e d u c i n g  i o n o s o n d e  d a t a  t o  N-h 
c u r v e s ,  o n l y  a f e w  b a s i c  c o n c e p t s  and f o r m u l a s  a r e  r e q u i r e d .  
C o n s e q u e n t l y ,  t h e  p r e s e n t  r e p o r t  w i l l  r e s t r i c t  i t s e l f  t o  t h e  
t h e o r e t i c a l  c o n s i d e r a t i o n s  a c t u a l l y  u s e d  i n  t h e  N-h a n a l y s i s  

d e s c r i b e d .  A l t h o u g h  t h i s  r e p o r t  i s  b a s e d  m a i n l y  upon e x p e r i -  
e n c e  w i t h  t o p s i d e  i o n o g r a m s ,  m u c h  o f  t h e  d i s c u s s i o n  i s  a p p l i c -  

a b l e  t o  i o n o g r a m s  o b t a i n e d  f r o m  ground-based  s o u n d e r s .  
An i o n o s p h e r i c  s o u n d e r  i s  e s s e n t i a l l y  a s w e p t  l o w - f r e q u e n c y  

r a d a r  u s e d  t o  o b t a i n  e c h o e s  f r o m  t h e  i o n o s p h e r e .  The s o u n d e r  

y i e l d s  t h e  a p p a r e n t  r a n g e  of t h e s e  i o n o s p h e r i c  e c h o e s ,  a s  a 

f u n c t i o n  of t h e  s o u n d e r  f r e q u e n c y  ( t y p i c a l l y  1 t o  15 MHz). The 

a p p a r e n t  r a n g e  i s  o n e  h a l f  of t h e  measured r o u n d - t r i p  t i m e  m u l t i -  
p l i e d  by t h e  v e l o c i t y  o f  l i g h t  i n  v a c u o .  A c t u a l l y ,  i n  t he  

i o n o s p h e r e ,  t h e  v e l o c i t y  o f  t h e  s o u n d i n g  s i g n a l s  i s  l e s s  t h a n  

t h e  v e l o c i t y  of l i g h t ,  t h e r e f o r e  t h e  a p p a r e n t  r a n g e  i s  g r e a t e r  

t h a n  t h e  t r u e  r a n g e .  I f  t h e  i o n o s p h e r i c  h o r i z o n t a l  g r a d i e n t s  
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and loca l i zed  i r r e g u l a r i t i e s  a r e  s m a l l ,  t h e  soundings can be con- 
s idered  t o  be v e r t i c a l .  Hence t h e  appa ren t  range i s  normally t h e  

apparent  he igh t  f o r  a ground-based s o m d e r ,  and t h e  apparent  
depth  for a s a t e l l i t e - b o r n e  (or t o p s i d e )  sounder .  In  t h e  
subsequent d i s c u s s i o n ,  it w i l l  be assumed t h a t  t h e  soundings 
are v e r t i c a l  and t h a t  t h e  ionograms provided by t h e  sounder 
y i e l d  t h e  apparent  he igh t  h '  a s  a f u n c t i o n  of f requency ,  keeping 
i n  mind t h a t  t h i s  apparent  he igh t  can  be measured e i the r  upward 
from t h e  ground, or downward from a s a t e l l i t e .  The appa ren t  
h e i g h t  h '  is re la ted  t o  t h e  t r u e  h e i g h t  h by t h e  formula:  

h '  = Jh n '  dh 
0 

where n ' ,  t h e  group r e f r a c t i v e  index ,  i s  a f u n c t i o n  of t h e  

medium and of t h e  sounding frequency.  The p rope r ty  of t h e  

medium which c o n t r o l  n '  are t h e  e l e c t r o n  d e n s i t y ,  t h e  i n t e n s i t y  
of t h e  t e r r e s t r i a l  magnetic f i e l d  and t h e  a n g l e  of magnet ic  
d i p .  Since these parameters  are height-dependent ,  it i s  q u i t e  
appropr i a t e  t o  use  he igh t  as t h e  v a r i a b l e  i n  formula ( 1 ) .  I t  

is worth mentioning,  however, t h a t  some a u t h o r s  are i n  f a v o r  of 
u s ing  apparent  dep th  d '  t o  d e s c r i b e  t o p s i d e  ionograms. T h i s  
l e a d s  t o  t h e  very awkward n o t a t i o n  d'  = - T o  n '  dd! 

f a v o r  a general  d e s i g n a t i o n  such a s  appa ren t  pa th  ( P I )  

wh ich  would apply t o  echoes  from any d i r e c t i o n .  I n  t h i s  r e p o r t  
t h e  h'-f n o t a t i o n  w i l l  be  used,  f o r  t h e  r easons  given e a r l i e r ,  
and a l s o  because t h i s  n o t a t i o n  i s  c o n s i s t e n t  w i t h  t h e  t r a d i t i o n a l  
terminology of ground-based soundings.  Furthermore ob l ique  
echoes  cannot be used f o r  N-h a n a l y s i s ,  u n l e s s  t h e  propagat ion  
pa th  i s  known from o t h e r  c o n s i d e r a t i o n s .  Hence, convent iona l  
N-h a n a l y s i s  is restricted t o  h'-f (or d ' - f )  cu rves .  

f a c t  t h a t  it h a s  two v a l u e s ,  one f o r  each of t h e  two p o s s i b l e  

d O t h e r s  

One a d d i t i o n a l  characteristic of t h e  n '  f u n c t i o n  is t h e  



- 3 -  

modes o f  p r o p a g a t i o n  i n  t h e  i o n o s p h e r e .  These two modes o f  

p r o p a g a t i o n ,  c a l l e d  r e s p e c t i v e l y  o r d i n a r y  (0) and e x t r a o r d i n a r y  

( x ) ,  y i e l d  s e p a r a t e  e c h o e s  w i t h  d i f f e r e n t  r o u n d - t r i p  t imes .  
Hence  a n  ionogram e x h i b i t s  two d i s t i n c t  t r a c e s .  o n e  f o r  t h e  
o r d i n a r y  r a y  and  one  f o r  t he  e x t r a o r d i n a r y  r a y .  T h e s e  two r a y s  

n o t  o n l y  p r o p a g a t e  w i t h  d i f f e r e n t  v e l o c i t i e s ,  b u t  t h e y  a l s o  

r e f l e c t  u n d e r  d i f f e r e n t  c o n d i t i o n s .  An o r d i n a r y  r a y  w i t h  a 
f r e q u e n c y  f (MHz) r e f l e c t s  a t  a d e n s i t y  NR g i v e n  by: 

NR = 1 2 , 4 0 0  f 2  e l e c t r o n s / c c  

The f r e q u e n c y  f d e f i n e d  by E q u a t i o n  ( 2 )  i s  known a s  t h e  plasma 

f r e q u e n c y  ( f N )  f o r  t h e  d e n s i t y  NR.  
An e x t r a o r d i n a r y  r a y  w i t h  a f r e q u e n c y  f (MHz) r e f l e c t s  a t  a 

d e n s i t y  NR g i v e n  by: 

NR = 12,400 f ( f - f H )  e l e c t r o n s / c c  ( 3 )  

where : 

f H  = ( 2 . 8 ) B  MHz (4) 

The q u a n t i t y  f H  i s  known a s  t h e  g y r o f r e q u e n c y  and B i s  t h e  i n d u c -  
t i o n  i n  g a u s s e s  o f  t h e  e a r t h ' s  m a g n e t i c  f i e l d  a t  t h e  r e f l e c t i o n  

p o i n t .  I t  i s  s e e n  t h a t  t h e  m a g n e t i c  f i e l d  i n f l u e n c e s  t h e  r e f l e c -  
t i o n  c o n d i t i o n  o n l y  f o r  t h e  e x t r a o r d i n a r y  r a y .  However B a f f e c t s  
t h e  p r o p a g a t i o n  v e l o c i t i e s  o f  b o t h  m a g n e t o - i o n i c  modes,  t h e  
e f f e c t  b e i n g  more pronounced  upon t h e  e x t r a o r d i n a r y  r ay  t h a n  upon 

t h e  o r d i n a r y  r a y .  I n  p r i n c i p l e ,  e i t h e r  t r a c e  c o u l d  be u s e d  t o  
d e r i v e  a n  N-h  p r o f i l e .  An a n a l y s i s  b a s e d  upon t h e  o r d i n a r y  t r a c e  
i s  somewhat s i m p l e r ,  because t h e  r e f l e c t i o n  d e n s i t y  i s  i n d e p e n d e n t  

o f  the  m a g n e t i c  f i e l d .  A more i m p o r t a n t  c o n s i d e r a t i o n ,  however ,  
i s  t h e  r e l a t i v e  q u a l i t y  of  t h e  (0) and (x)  d a t a .  I n  t h e  l o w e r  
p o r t i o n  o f  t h e  i o n o s p h e r e  ( D  and E r e g i o n s ) ,  t h e  c o l l i s i o n s  be- 

tween  e l e c t r o n s  and n e u t r a l  p a r t i c l e s  c a u s e s  low f r e q u e n c y  waves 
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t o  be a t t e n u a t e d .  The a b s o r p t i o n  i s  more severe  f o r  t h e  (x) 
mode t h a n  f o r  t h e  (0) mode. C o n s e q u e n t l y  on ground-based  i o n o -  
grams t h e  (0) t r a c e  i s  u s u a l l y  more c o m p l e t e  a n d  t h e r e f o r e  it 
i s  t h e  one used  i n  N-h  a n a l y s i s .  The s i t u a t i o n  i s  d i f f e r e n t  on 
t o p s i d e  i o n o g r a m s .  The r e l a t i v e  q u a l i t y  o f  t h e  (0) and (x) 
d a t a  i s  no l o n g e r  d u e  t o  d i f f e r e n t i a l  a b s o r p t i o n .  The c o n t r o l l i n g  
f a c t o r s  a r e  now t h e  s o u n d e r  a n t e n n a s  a n d  t h e  f a c t  t h a t  r e f l e c t i o n  

a t  a g i v e n  d e n s i t y  o c c u r s  a t  a h i g h e r  f r e q u e n c y  f o r  t h e  (x) mode 

t h a n  f o r  t h e  (0) mode. 
fH = 1.0 MHz, it  i s  seen  f rom f o r m u l a s  ( 2 )  and ( 3 )  t h a t  t h e  (0) 

r a y  r e f l e c t s  a t  f = 0 . 3 1 6  MHz and t h a t  t h e  (x) r a y  r e f l e c t s  a t  
f = 1.09 MHz. A l t h o u g h  t h e  a n t e n n a s  u s e d  i n  a t o p s i d e  s o u n d e r  

s a t e l l i t e  a r e  p h y s i c a l l y  very  l o n g ,  t h e y  a r e  e l e c t r i c a l l y  s h o r t  
( a n d  h e n c e  d i f f i c u l t  t o  match  t o  t h e  t r a n s m i t t e r )  a t  t h e  low- 
f r e q u e n c y  end of  t h e  sweep. Based upon t h i s  c o n s i d e r a t i o n  
a l o n e ,  t r a n s m i s s i o n s  a t  0 . 3 1 6  MHz would be c o n s i d e r a b l y  w e a k e r  

t h a n  a t  1.09 MHz. However ,  t h e  s i t u a t i o n  i s  made even  w o r s e  
d u e  t o  t h e  f a c t  t h a t  t h e  a n t e n n a s  a r e  immersed i n  t h e  i o n o s p h e r e .  
This  c a u s e s  a c h a n g e  i n  a n t e n n a  i m p e d a n c e ,  w h i c h  i s  p a r t i c u l a r l y  

severe  n e a r  t he  plasma f r e q u e n c y .  The n e t  r e s u l t  of  t h e  a b o v e  
c o n s i d e r a t i o n s  is  t h a t  t h e  l o w - f r e q u e n c y  end of  t h e  ( 0 )  t r a c e  

i s  u s u a l l y  m i s s i n g  on t o p s i d e  i o n o g r a m s .  Hence ,  on t o p s i d e  
ionograms,  t h e  (x)  t r a c e  i s  n o r m a l l y  u s e d  f o r  N-h a n a l y s i s .  

I t  w i l l  be u n d e r s t o o d  i n  t h e  s u b s e q u e n t  d e v e l o p m e n t  t h a t  
f o r m u l a  (1) r e f e r s  o n l y  t o  o n e  of  the  two p o s s i b l e  modes.  
The d i s c u s s i o n  however  a p p l i e s  t o  t h e  a n a l y s i s  o f  e i t h e r  mode, 
u n l e s s  o t h e r w i s e  i n d i c a t e d .  

F o r  e x a m p l e ,  i f  NR = 1 2 4 0  e l /cc  and  

One s h o u l d  m e n t i o n  a l s o  t h e  f r e q u e n t  p r e s e n c e  o f  a Z t r a c e  
on t o p s i d e  i o n o g r a m s ,  f o r  which  t h e  r e f l e c t i o n  c o n d i t i o n  i s  

NR = 1 2 , 4 0 0  f ( f + f H )  e l /cc .  
of f r e q u e n c i e s  ( S e e  page A-9 o f  A p p e n d i x  A )  a t  which  t h e  Z mode 
c a n  p r o p a g a g a t e  f r o m  t h e  s a t e l l i t e ,  and  c o n s e q u e n t l y  t h e  Z 

mode becomes c u t  o f f  a t  t h e  s a t e l l i t e  l o n g  b e f o r e  i t  c a n  p e n e t r a t e  
down t o  t h e  m a x i m u m  o f  t h e  F2 r e g i o n .  The Z t r a c e  i s  t h e r e f o r e  
n o t  v e r y  u s e f u l  f o r  N-h a n a l y s i s .  

However t h e r e  i s  o n l y  a s m a l l  r a n g e  



c 

The above i n t r o d u c t o r y  comments can be summarized as fo l lows .  
The o r d i n a r y  (or e x t r a o r d i n a r y )  t r a c e  of an  ionogram, which i s  
used i n  N-h a n a l y s i s  r e p r e s e n t s  t h e  f u n c t i o n  h l ( f )  g iven  by: 

where : 

h *  = v i r t u a l  he igh t  w i t h  resrpect t o  t h e  soundelz'r[hf  i q  

h = a c t u a l  h e i g h t  
ho = he igh t  of sounder ( s a t e l l i t e  a l t i t u d e  f o r  a t o p s i d e  

sounder ) 
hR = he igh t  a t  which r e f l e c t i o n  o c c u r s  f o r  f requency f 

n '  = group i n e x  of r e f r a c t i o n  
N = i onosphe r i c  e l e c t r o n  dens i ty  
B = i nduc t ion  of t e r r e s t r i a l  magnetic f i e l d ,  a f u n c t i o n  

c o n s i d e r e d  n e g a t i v e  on a t o p s i d e  ionogram) 

of geographic  l o c a t i o n  and a l t i t u d e  
8 = d i p  ang le  of t h e  t e r r e s t r i a l  magnetic f i e l d ,  a f u n c t i o n  

of geographic  l o c a t i o n ,  but r e l a t i v e l y  c o n s t a n t  w i th  
a l t i t u d e  over  u sua l  a l t i t u d e  range of soundings.  

I t  should  be noted t h a t  Equation (5) does n o t  g ive  t h e  f u n c t i o n  
n '  i n  e x p l i c i t  form. The a c t u a l  formula f o r  n '  is  q u i t e  
compl ica ted ,  and r e a l l y  no t  needed f o r  t h e  p re sen t  d i s c u s s i o n .  
The formula can be found i n  Appendix A .  Tab les  g i v i n g  va lues  of 
n '  under a wide range  of cond i t ions  have been pub l i shed  (Becker, 1960). 

11. OUTLINE OF THE LAMINATION CONCEPT 

For a g iven  geographic  l o c a t i o n  and a g iven  N-h d i s t r i b u t i o n ,  
it is a r e l a t i v e l y  s t r a i g h t  forward matter t o  e v a l u a t e  t h e  

i n t e g r a l  shown i n  Equat ion (5 ) .  For a g iven  frequency f ,  
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t h e  d e n s i t y  NR a t  t h e  r e f l e c t i o n  p o i n t  is known from e i t h e r  
Equation (2) or Equat ion (3), and t h e  i n t e g r a t i o n  l i m i t  hR 
fo l lows  immediately from t h e  known N-h f u n c t i o n .  The magnet ic  
f i e l d  parameters are  known as a f u n c t i o n  of a l t i t u d e .  Thus 
a l l  t h e  r e q u i r e d  q u a n t i t i e s  are known i n  t h e  group h e i g h t  in-  
t e g r a l  of Equation (5).  Although t h e  i n t e g r a t i o n  cannot  i n  
gene ra l  be performed a n a l y t i c a l l y ,  it is  n e v e r t h e l e s s  r e l a t i v e l y  
s imple ,  when N(h) is known, t o  compute h l ( f )  by a numerical  
i n t e g r a t i o n  technique .  The b a s i c  problem involved i n  t h e  

a n a l y s i s  of an  ionogram is t o  perform t h e  o p p o s i t e  convers ion ,  
namely t o  d e r i v e  t h e  N(h) f u n c t i o n  f rom a knowledge of t h e  

h ' ( f )  func t ion .  I t  is however, g e n e r a l l y  imposs ib le  t o  i n v e r t  
a n a l y t i c a l l y  t h e  group he igh t  i n t e g r a l .  The method used is 
t o  f i n d  a g e n e r a l  model f o r  N(h),  w i t h  many a d j u s t a b l e  parameters ,  
wh ich  w i l l  s a t i s f y  Equat ion (5) fo r  selected v a l u e s  of t h e  

h ' ( f )  func t ion .  The number of parameters  which can  be 

determined i s  t h e  same as t h e  number of h ' ( f )  v a l u e s  selected 
f o r  t h e  a n a l y s i s .  With t h e  lamina t ion  model used i n  t h i s  

r e p o r t  t h e  N(h) f u n c t i o n  is rep resen ted  by a number of p o i n t s  
(Nj,hj)  connected by s imple a n a l y t i c  curves .  
i n  a given he igh t  i n t e r v a l  (h t o  h . )  , t h e  p r o f i l e  is assumed 
t o  be of t h e  form: 

More s p e c i f i c a l l y ,  

j-1 J 

where F.(N) is a simple a n a l y t i c  f u n c t i o n  of d e n s i t y  and where 
N .  would be t h e  d e n s i t y  a t  h The a c t u a l  u s e  of t h e  lamina t ion  
concept  can be more r e a d i l y  v i s u a l i z e d  i n  terms of a s p e c i f i c  
example. L e t  u s  assume t h a t  t h e  hl-f  f u n c t i o n  under a n a l y s i s  
is  t h e  ord inary  trace of a t o p s i d e  ionogram (nega t ive  v i r t u a l  
h e i g h t )  and t h a t  t h e  l amina t ions  are assumed t o  be l i n e a r .  
Equation ( 6 )  becomes : 

J 

J j '  
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from which 

Wri t ing  Equat ion (5) i n  terms of t he  l amina t ions  shown i n  
Equat ion (7) and changing from t h e  v a r i a b l e  h t o  t h e  v a r i a b l e  
N y i e l d s :  

where N is  t h e  d e n s i t y  a t  which r e f l e c t i o n  occur s  a t  t h e  

frequency f i . e .  N .  is g iven  by Equation (2 ) .  The r i g h t  hand 
of Equat ion (9) r e p r e s e n t s  an  i n t e g r a t i o n  ove r  (j-1) lamina t ions .  
For t h e  first l amina t ion ,  i .e.  t h e  lamina t ion  n e a r e s t  t o  t h e  
t o p s i d e  sounder:  

j 

j' J 

h ' ( f l )  = al N1 n*(N,fl,B,O) d N  

NO 

For a g iven  geographica l  l o c a t i o n  t h e  v a r i a t i o n  of 0 w i t h  

a l t i t u d e  is n e g l i g i b l e ,  w h i l e  t h e  magnetic i n t e n s i t y  changes 
t y p i c a l l y  by 4 percent  ove r  a 100 km i n t e r v a l .  The  i n t e g r a l  
i n  Equat ion ( l o ) ,  however, is no t  very s e n s i t i v e  t o  t h e  va lue  
of B and it can be eva lua ted  w i t h  adequate  accuracy by assuming 
B t o  be c o n s t a n t  and equa l  t o  i ts  value a t  t h e  s a t e l l i t e .  
Hence al is  completely de f ined  by Equation (10) and from 
Equat ion (7) it f o l l o w s  t h a t :  

1 hl = ho + a 

where : ho = h e i g h t  of t h e  s a t e l l i t e  
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No = e l e c t r o n  d e n s i t y  a t  s a t e l l i t e  (g iven  by Equat ion 
(2) and u s i n g  f o r  f requency ,  t h e  e x i t  f requency  
of t h e  o r d i n a r y  r a y ) .  

For t h e  second lamina t ion:  

where N2 is r e l a t e d  t o  f 2  by formula ( 2 ) .  I t  should  be noted  
t h a t  t h e  i n t e g r a l  a s s o c i a t e d  w i t h  a l  is now f o r  t h e  f requency  
f 2 ,  and a l s o  t h a t  t h e  va lue  of B used  i n  t h e  second i n t e g r a l  
corresponds t o  t h e  a l t i t u d e  hl (which is obvious ly  a more 
correct e s t i m a t e  of B i n  t h e  second l amina t ion ) .  Equat ion (11) 
y i e l d s  a2 s i n c e  t h i s  is t h e  on ly  unknown q u a n t i t y ,  and 
consequent ly:  

T h i s  s tep-by-step procedure is cont inued  u n t i l  t h e  e n t i r e  
p r o f i l e  is determined. The r e l a t i v e l y  s imple  procedure d e s c r i b e d  
above has been used f o r  t h e  a n a l y s i s  of ionograms ob ta ined  from 
ground-based sounders  (Jackson 1956).  The t echn iques  used f o r  
t h e  r educ t ion  of t o p s i d e  ionograms a r e  b a s i c a l l y  r e f inemen t s  of 
t h e  simple lamina t ion  concept  o u t l i n e d  above. S e c t i o n  I11 g i v e s  
a gene ra l  d i s c u s s i o n  of t h e s e  r e f inemen t s ,  and S e c t i o n  I V  i n d i c a t e s  
t h e  improvements i n  accuracy r e s u l t i n g  from these r e f inemen t s .  
The d e t a i l e d  d i s c u s s i o n  of t h e  N-h r e d u c t i o n  technique  is g iven  
i n  Appendices A ,  B y  C and D.  These Appendices a r e  concerned 
w i t h  t h e  formulas  used ,  the s c a l i n g  procedure ,  t h e  method of 

a n a l y s i s  and the  accuracy of c a l c u l a t i o n s .  

111. DISCUSSION O F  THE LAMINATION METHOD 

The lamina t ion  procedure imp l i e s  t h a t  va lues  of h '  

have been s e l e c t e d  from t h e  ionogram a t  s p e c i f i c  v a l u e s  of 
f r equenc ie s .  I n  f a c t  t h e r e  is a one-to-one correspondence 



- 9 -  

be tween t h e  s u c c e s s i v e  v a l u e s  of f and t h e  b o u n d a r i e s  o f  t h e  

l a m i n a t i o n s .  A q u e s t i o n  which a r i s e s  n a t u r a l l y  i s  how t o  s e l e c t  
t h e  h ' - f  v a l u e s  w h i c h  e n t e r  i n  t h e  a n a l y s i s .  A b a s i c ,  b u t  p o s t -  

f a c t u m ,  c r i t e r i o n  i s  t h a t  t h e  r e s u l t i n g  p r o f i l e  i s  a d e q u a t e l y  
d e s c r i b e d  by t h e  c a l c u l a t e d  l a m i n a t i o n .  A r o u g h  c r i t e r i o n  f o r  

t h e  minimum number of h ' - f  v a l u e s  i s  t h a t  t h e  s e l e c t e d  p o i n t s  
s h o u l d  p e r m i t  a n  a c c u r a t e  r e c o n s t r u c t i o n  of  t h e  o r i g i n a l  h ' - f  

g r a p h .  U s u a l l y  t w e n t y  p o i n t s  a r e  s u f f i c i e n t .  The a c t u a l  GSFC 
c r i t e r i o n  f o r  s e l e c t i n g  d a t a  p o i n t s  i s  d i s c u s s e d  i n  A p p e n d i x  B .  

C l o s e l y  r e l a t e d  t o  t h e  number of p o i n t s  u s e d  i n  t h e  a n a l y -  

s i s  i s  t h e  model u s e d  i n  t h e  l a m i n a t i o n  t e c h n i q u e .  If a l a r g e  
number o f  p o i n t s  a r e  u s e d ,  t h e n  t h e  r e s u l t i n g  p r o f i l e  w i l l  be 

f a i r l y  a c c u r a t e ,  e v e n  w i t h  t h e  s i m p l e  l i n e a r  model  u s e d  i n  t h e  
e a r l i e r  example .  However ,  t h e  number o f  n u m e r i c a l  i n t e g r a t i o n s  

r e q u i r e d  i n c r e a s e s  a s  t h e  s q u a r e  of t h e  number o f  h ' - f  v a l u e s  
u s e d  i n  t h e  c a l c u l a t i o n s .  W i t h  a more e l a b o r a t e  model  fewer  
p o i n t s  c a n  be  u s e d  i n  t h e  c a l c u l a t i o n  w i t h  a n  a t t e n d i n g  r e d u c -  

t i o n  i n  t h e  c o m p u t e r  t i m e  r e q u i r e d ,  o r  a g r e a t e r  a c c u r a c y  c a n  
be a c h i e v e d  u s i n g  t h e  same number of h ' - f  p o i n t s  i n  t h e  c a l c u -  

l a t i o n s .  A c t u a l l y ,  i n  t h e  t o p s i d e  i o n o s p h e r e  t h e  e l e c t r o n  d e n s i t y  
p r o f i l e  i s  r e p r e s e n t e d  more a c c u r a t e l y  by a s u c c e s s i o n  of  expo-  

n e n t i a l  s e g m e n t s ,  ( F i t z e n r e i t e r  and B l u m l e ,  1 9 6 4 ) ,  i . e .  t h e  h e i g h t  

i n c r e m e n t s  a r e  a l m o s t  l i n e a r  i n  l o g  N ,  namely :  

j 
Ah = a ( I n  N - I n  N ) j-1 

One o b j e c t i o n  t o  t h e  l i n e a r - i n - N  o r  l i n e a r - i n - l o g  N r e p r e -  
s e n t a t i o n  i s  t h a t  t h e  as sumed  p r o f i l e  h a s  d i s c o n t i n u o u s  d e r i v a -  

t i v e s  a t  e a c h  of l a m i n a t i o n  b o u n d a r i e s .  T h i s  d i f f i c u l t y  i s  
r e a d i l y  overcome by a s s u m i n g  t h a t  t h e  h e i g h t  i n c r e m e n t s  a r e  
p a r a b o l i c  w i t h  c o n t i n u o u s  s l o p e s  a t  t h e  b o u n d a r i e s .  The 

p a r a b o l i c - i n - l o g  N a s s u m p t i o n  ( P a u l  a n d  W r i g h t ,  1 9 6 3 )  y i e l d s :  

Ah = a I n  N/N + b r l n  N / N ~ - ~ ~ ~  
j j-1 j 
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w i t h  t h e  s l o p e  c o n t i n u i t y  y i e l d i n g  : 

= a + 2b I n  ( N j / N j - l )  
a j+ l  j j 

It  s h o u l d  b e  n o t e d  t h a t  t h e  p a r a b o l i c - i n - l o g  ( f N )  a s s u m p t i o n  
(Doupnik and S c h m e r l i n g ,  1 9 6 5 )  i s  e q u i v a l e n t  t o  t h e  p a r a b o l i c -  

i n - l o g  N a s s u m p t i o n .  The p a r a b o l i c - i n - l o g  ( f N )  a s s u m p t i o n  

l e a d s  t o :  

Ah = a '  j ln ( fN/ fNj - l )  + b '  j r l n ( f N / f N j  - , ) I 2  

From t h e  d e f i n i t i o n  o f  f N  ( E q . 2 ) ,  t h i s  r e d u c e s  t o :  

which i s  i d e n t i c a l  t o  E q u a t i o n  ( 1 3 ) .  
I t  i s  a l s o  n o t e d  t h a t  t h e  a n a l y s i s  y i e l d s  a s  a n s w e r s  t h e  

v a l u e s  of  h e i g h t s  and d e n s i t i e s  c o r r e s p o n d i n g  t o  t h e  t o p  and 
b o t t o m  o f  t h e  l a m i n a t i o n s .  These a r e  t h e  v a l u e s  wh ich  a p p e a r  

i n  p u b l i s h e d  t a b l e s  o f  N-h d a t a  d e r i v e d  f rom i o n o g r a m s .  The 
he ights  and  d e n s i t i e s  t h u s  o b t a i n e d  a r e  q u i t e  a r b i t r a r y  and 
v e r y  awkward t o  u s e  f o r  a n y  s y n o p t i c  s t u d i e s  o f  t h e  i o n o s p h e r e .  
A l t h o u g h  some a u t h o r s  i n c l u d e  i n t e r p o l a t e d  v a l u e s  of  s t a n d a r d  

h e i g h t s  ( o r  d e n s i t i e s ) ,  t h e r e  h a s  b e e n  some f e e l i n g  t h a t  t h e s e  
i n t e r p o l a t e d  numbers  a r e  l ess  a c c u r a t e  t h a n  t h e  ' b a l c u l a t e d "  
v a l u e s  a t  t he  t o p  and  b o t t o m  of t h e  l a m i n a t i o n s .  A c t u a l l y  a s  
i n d i c a t e d  e a r l i e r ,  t h e  c a l c u l a t i o n s  y i e l d  t h e  p a r a m e t e r s  which 
d e f i n e s  t h e  l a m i n a t i o n .  There i s  n o  b a s i s  f o r  s a y i n g  t h a t  t h e  

end p o i n t s  on t h e  l a m i n a t i o n  a r e  more a c c u r a t e  t h a n  a n y  o t h e r  
p o i n t  d e f i n e d  by t h e  e q u a t i o n  of  t h e  l a m i n a t i o n .  Hence i f  t h e  

c a l c u l a t e d  l a m i n a t i o n  e q u a t i o n  i s  u s e d  (such a s  E q u a t i o n  (7) f o r  
t h e  example s h o w n ) ,  t h e  i n t e r p o l a t e d  v a l u e s  a r e  j u s t  a s  v a l i d  

a s  t h e  s o - c a l l e d  computed p o i n t s  w h i c h  a r e  s i m p l y  the  end p o i n t s  
o f  t h e s e  l a m i n a t i o n s .  

The l a s t  g r o u p  o f  comments i s  c o n c e r n e d  w i t h  t h e  method 
u s e d  f o r  e v a l u a t i n g  a n  i n t e g r a l  such a s  t h e  one  shown i n  
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E q u a t i o n  (10 ) .  T h e r e  a r e  t h r e e  t y p e s  o f  p rob lems  t o  be con-  
s i d e r e d ,  t h e  f i rs t  one  i n v o l v e s  t h e  p a r a m e t e r s  u s e d  i n  t h e  i n t e -  

g r a n d ,  t h e  s e c o n d  o n e  i s  c o n c e r n e d  w i t h  the l i m i t s  o f  i n t e g r a -  
t i o n ,  and t h e  t h i r d  o n e  is  the  i n t e g r a t i o n  t e c h n i q u e  i t s e l f .  

T h e s e  p r o b l e m s  w i l l  b e  examined i n  the  o r d e r  l i s t e d  a b o v e .  The 
p r o c e d u r e  s u g g e s t e d  f o r  e v a l u a t i n g  t h e  i n t e g r a l  i n  E q u a t i o n  (10) 

was t o  a s s u m e  t h a t  B was c o n s t a n t .  T h i s  y i e l d s  a f a i r l y  a c c u r a t e  
v a l u e  o f  t h e  h e i g h t  hl and c o n s e q u e n t l y  of  the  a l t i t u d e  i n t e r v a l  

o v e r  wh ich  t he  i n t e g r a t i o n  i s  pe r fo rmed .  Hav ing  d e t e r m i n e d  t h e  
p a r a m e t e r  a t h e  a l t i t u d e  a n d  t h e  va lue  o f  B a re  kn own 

f o r  e a c h  v a l u e  o f  N u s e d  i n  t h e  n u m e r i c a l  i n t e g r a t i o n .  Hence  
t h e  i n t e g r a l  c a n  b e  e v a l u a t e d  a g a i n ,  t h i s  t i m e  a s s o c i a t i n g  a 

more a c c u r a t e  v a l u e  o f  B w i t h  each  v a l u e  o f  lU used i n  tha i n t e -  
g r a t i o n .  Th i s  w i l l  y i e l d  a s l i g h t l y  d i f f e r e n c t  v a l u e  of a l  and 

h l .  
c o u p l e  o f  i t e r a t i o n s  there  a r e  no f u r t h e r  s i g n i f i c a n t  c h a n g e s  

i n  t h e  f i n a l  a n s w e r .  

1’ 

The p r o c e s s  however  c o n v e r g e s  very r a p i d l y  and a f t e r  a 

The p r i n c i p l e  of  i t e r a t i o n  i s  a l s o  i n v o l v e d ,  b u t  i n  a 

s l i g h t l y  more c o m p l i c a t e d  way when e x t r a o r d i n a r y  d a t a  a r e  u s e d  
i n  t h e  c a l c u l a t i o n s ,  s i n c e  i n  t h i s  c a s e  i t  i s  n o t  o n l y  t h e  

i n t e g r a n d  which i s  a f f e c t e d  b u t  a l s o  t h e  u p p e r  i n t e g r a t i o n  l i m i t .  
If E q u a t i o n  (10) r e f e r r e d  t o  a v i r t u a l  h e i g h t  f o r  t h e  e x t r a -  

o r d i n a r y  r a y ,  t h e n  t h e  u p p e r  l i m i t  o f  i n t e g r a t i o n  N1 would be 

g i v e n  by  E q u a t i o n  ( 3 )  namely :  

N1 = 1 2 , 4 0 0  f l  (f l-2.8B1) 

The v a l u e  o f  B1 i s  n o t  known, and it would h a v e  t o  b e  i n i t i a l l y  
e s t i m a t e d  by l e t t i n g  B1 = Bo. 

a s s u m p t i o n  would y i e l d  a f a i r l y  good e s t i m a t e  o f  hl and h e n c e  

B1. The p r o c e d u r e  c o u l d  t h e n  b e  r e p e a t e d ,  u s i n g  n o t  o n l y  a more 

a c c u r a t e  v a l u e  of t h e  i n t e g r a t i o n  l i m i t  N1, b u t  a l s o  more r e p r e -  

s e n t a t i v e  v a l u e s  o f  B w i t h i n  t h e  i n t e g r a n d .  It i s  n a t u r a l  t o  
a n t i c i p a t e  t h a t  i t e r a t i o n  s h o u l d  be more i m p o r t a n t  f o r  t he  e x t r a -  

o r d i n a r y  r a y  t h a n  f o r  t h e  o r d i n a r y  r a y .  F u r t h e r  d i s c u s s i o n  of  
t h i s  p o i n t  i s  g i v e n  i n  Append ix  D .  

S o l v i n g  E q u a t i o n  (10) w i t h  t h i s  
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The f i n a l  p o i n t  i s  c o n c e r n e d  w i t h  t h e  i n t e g r a t i o n  t e c h n i q u e .  
The problem which  a r i s e s  h e r e  i s  the  f a c t  t h a t  t h e  i n t e g r a n d  i s  
i n f i n i t e  a t  t h e  r e f l e c t i o n  p o i n t .  A l t h o u g h  it h a s  b e e n  known 
f o r  a t  l e a s t  15 y e a r s  ( P o e v e r l e i n ,  1 9 5 1 ; S h i n n ,  1 9 5 1 ;  J a c k s o n ,  1 9 5 6 )  

t h a t  t h i s  i n f i n i t y  can  be removed by means of  a s u i t a b l e  c h a n g e  
of v a r i a b l e ,  t h e  i m p o r t a n c e  of  t h i s  t r a n s f o r m a t i o n  h a s  n o t  f u l l y  
been  a p p r e c i a t e d .  I t  was b e l i e v e d  by some e x p e r i m e n t e r s  t h a t  a 
1 6 - p o i n t  G a u s s i a n  i n t e g r a t i o n  t e c h n i q u e  c o u l d  y i e l d  a n  a c c u r a t e  
a n s w e r  f o r  a n  i n t e g r a l  s u c h  a s  t h e  o n e  a p p e a r i n g  i n  E q u a t i o n  (10  

It t u r n s  o u t  t h a t  a 1 6 - p o i n t  i n t e g r a t i o n  t e c h n i q u e  i s  b o t h  i n -  
e f f i c i e n t  and i n a c c u r a t e  f o r  t h e  e v a l u a t i o n  of  t h e  i n t e g r a l  shown 
i n  E q u a t i o n  ( 1 0 ) .  F o r  a t y p i c a l  l a m i n a t i o n ,  i n c l u d i n g  t h e  r e f l e c -  
t i o n  p o i n t ,  a d i r e c t  e v a l u a t i o n  of  t h e  g r o u p  r e t a r d a t i o n  i n  t h i s  

l a m i n a t i o n  w i l l  be  i n  e r r o r  by 5.5% u s i n g  a 7 - p o i n t  G a u s s i a n  and 
by 2.5% u s i n g  a 16 -po in t  G a u s s i a n ,  w h e r e a s  t h e  e r r o r  i s  less  t h a n  

0.005% i f  the same i n t e g r a l  i s  e v a l u a t e d  n u m e r i c a l l y  a f t e r  making  
t h e  s u g g e s t e d  c h a n g e  o f  v a r i a b l e  a n d  u s i n g  o n l y  a 3 - p o i n t  G a u s s i a n  

i n t e g r a t i o n  t e c h n i q u e !  The a u t h o r  k e e p s  t h e  i n t e g r a n d  f i n i t e  a t  
t h e  r e f l e c t i o n  p o i n t  by u s i n g  t h e  f o l l o w i n g  c h a n g e  o f  v a r i a b l e :  

t2 = 1-x 
t2 = l -x / ( l -YR)  

f o r  the  o r d i n a r y  r a y  

f o r  t h e  e x t r a o r d i n a r y  r a y  

where  : 
2 X = 80 .6  N / f  

Y - v a l u e  of  Y a t  r e f l e c t i o n  p o i n t  R- 
Y = fH/f 

The d e t a i l e d  d i s c u s s i o n  of t he  a c c u r a c y  a c h i e v e d  i n  t h e  i n t e g r a -  
t i o n  by u s i n g  the  a b o v e  t r a n s f o r m a t i o n s  i s  g i v e n  i n  A p p e n d i x  C .  

I V .  DISCUSSION OF ERRORS 

T h e r e  a r e  t h r e e  b road  a r e a s  i n  w h i c h  e r r o r s  c a n  a r i s e :  
F i r s t  i n  t h e  i n s t r u m e n t a t i o n  i t s e l f  ( f o r  a t o p s i d e  s o u n d e r  t h i s  

i n c l u d e s  b o t h  s a t e l l i t e  and g round-based  e q u i p m e n t ) ,  Second i n  
t h e  s c a l i n g  o f  i o n o g r a m s ,  T h i r d  i n  the  method used  t o  a c c o m p l i s h  
h ' - f  t o  N-h c o n v e r s i o n .  T h i s  s e c t i o n  w i l l  be c o n c e r n e d  o n l y  
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w i t h  t h e  problem of conve r t ing  accu ra t e  t o p s i d e  h'-f 

v a l u e s  t o t h e  c o r r e c t  N-h p r o f i l e .  Some comments and 
s u g g e s t i o n s  f o r  t he  s c a l i n g  of t o p s i d e  ionograms w i l l  
be g iven  i n  appendix B. A d i scuss ion  of t he  i n s t r u n e n t a -  
t i o n  used  t o  o b t a i n  h ' - f  r e c o r d s  is c e r t a i n l y  needed f o r  
an o v e r a l l  assessment of e r r o r s .  T o  perform t h i s  t a s k  f o r  
t h e  t o p s i d e  sounders  would r e q u i r e  i n p u t s  from t h e  many 
e n g i n e e r i n g  teams who have designed the  s a t e l l i t e  e l e c t r o n i c s ,  
the  t e l e m e t r y  system, t h e  t a p e  - t o  f i l m  p rocess ing  equip- 
men t ,  e tc .  . . . Although these c o n s i d e r a t i o n s  w i l l  not  
be inc luded  i n  t h i s  r e p o r t ,  it is hoped t h a t  t h e  in fo rma t ion  
w i l l  evEn t u a l l y  be a v a i l a b l e  f r o m  o t h e r  sou rces .  

I t  was po in ted  o u t  i n  section I11 t h a t  the a c c u r a t e  
a n a l y s i s  of t o p s i d e  ionograms require s p e c i a l  c a r e  i n  a 
number of a r e a s ,  such a s  t h e  s e l e c t i o n  of d a t a  p o i n t s ,  t h e  
cho ice  of l amina t ion  technique ,  t h e  use  of i t e r a t i o n  i n  t h e  

c a l c u l a t i o n s ,  and t h e  method used  f o r  t he  numerical  e v a l u a t i o n  
of t h e  group h e i g h t  i n t e g r a l .  

The importance of t h e s e  c o n s i d e r a t i o n s  w i l l  be now 
i l l u s t r a t e d  q u a n t i t a t i v e l y ,  i n  terms of two e x t r a o r d i n a r y  
r a y  ionograms c a l c u l a t e d  from two t h e o r e t i c a l  (bu t  r ep re -  
s e n t a t i v e )  e l e c t r o n  d e n s i t y  p r o f i l e s .  The e l e c t r o n  d e n s i t y  
p r o f i l e s  used a r e  based upon Bauer ' s  model for a t e r n a r y  i o n  
mixture  t o p s i d e  ionogram (Bauer, 1962). The two models have 
t h e  same shape ,  b u t  a t  a l l  a l t i t u d e s  there  is a 5-to-1 r a t i o  
i n  d e n s i t y  between t h e  h igh  and t h e  low d e n s i t y  models. I t  
is assumed t h a t  t he  ionograms were o b t a i n e d  from an a l t i t u d e  
of 3000 k m  (which cor responds  t o  t h e  apogee of A l o u e t t e  11) 
and t h a t  t h e  l o c a l  e l e c t r o n  d e n s i t i e s  were r e s p e c t i v e l y  
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1000 e l / c c  f o r  t h e  low d e n s i t y  model and 5000 el/cc f o r  
t h e  high d e n s i t y  model. For t h i s  t h e o r e t i c a l  s i t u a t i o n  
i t  was assumed t h a t  t h e  gyro-frequency a t  t h e  s a t e l l i t e  
was 0.38 Mc and t h a t  t h e  magnetic f i e l d  v a r i e d  w i t h  a l t i t u d e  
according t o  an i n v e r s e  cube law. The p r o f i l e s  and t h e  
corresponding ionograms a r e  shown i n  F ig .  B-4, B-5 and B-6 
of Appendix B. To compute t h e  ionograms, t h e  p r o f i l e s  were 
d iv ided  i n t o  l i n e a r - i n - l o g  N l amina t ions  5 k m  t h i c k .  The 
s c a l i n g  c r i t e r i o n  d i scussed  i n  Appendix B was a p p l i e d  t o  
t h e  s e t  of 520 h ' - f  va lues  t h u s  o b t a i n e d ,  y i e l d i n g  t h e  
p o i n t s  (open and s o l i d )  shown on the  ionograms. The s o l i d  
p o i n t s  i l l u s t r a t e  a less d e t a i l e d  s c a l i n g  i n  which approx- 
imately h a l f  of t h e  d a t a  p o i n t s  would be e l i m i n a t e d .  Based 
upon a d d i t i o n a l  c a l c u l a t i o n s  of t h e  v i r t u a l  h e i g h t s ,  u s i n g  
10 km and 20 km l amina t ions ,  i t  was concluded t h a t  t h e  e r r o r s  
i n  t he  v i r t u a l  h e i g h t s  (obta ined  w i t h  t h e  5 km l amina t ions )  
were less  than  1 km. 

The normal GSFC procedure f o r  reducing  an ionogram is 
t o  use  t h e  d a t a  p o i n t s  given by t h e  s c a l i n g  c r i t e r i o n ,  t o  
assume l amina t ions  parabol ic - in- log  N ,  t o  i t e r a t e  u n t i l  t h e  
success ive  a l t i t u d e s  d i f f e r  by less  t h a n  0.01 km, and t o  
i n t e g r a t e  w i t h  a 3-point  Gaussian a f t e r  making t h e  change 
of v a r i a b l e  t2 = l-X/(l-YR). Using t h i s  procedure ,  t h e  maxi- 
mum e r r o r  i n  a l t i t u d e  is about 1 km f o r  bo th  t h e  h igh-dens i ty  
and t h e  low-density models. T h i s  e r r o r  is s m a l l  compared t o  
t h e  errors due t o  u n c e r t a i n t i e s  i n  t h e  s c a l i n g  of ionograms. 
Even on e x c e l l e n t  ionograms t h e  s c a l i n g  e r r o r  on the  v i r t u a l  
h e i g h t s  is a t  l e a s t  5 km. Hence t h e  recommended c a l c u l a t i o n  
procedures  w i l l  no t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  e r r o r  
i n  t h e  ionogram r e d u c t i o n  process .  Furthermore,  even i f  

s c a l i n g  e r r o r s  could  be made n e g l i g i b l e ,  a maximum e r r o r  
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o f  1 km would n o t  be s i g n i f i c a n t ,  p a r t i c u l a r l y  on a p r o f i l e  

e x t e n d i n g  f r o m  400 t o  3000 km. D e v i a t i o n s  f rom t h e  recommended 

p r o c e d u r e . ,  h o w e v e r ,  c a n  somet imes  i n t r o d u c e  l a r g e  e r r o r s  a s  w i l l  

be shown i n  t h e  f o l l o w i n g  d i s c u s s i o n .  
1. S e l e c t i o n  of  d a t a  p o i n t s .  

The c r i t e r i o n  used f o r  t h e  s e l e c t i o n  o f  d a t a  p o i n t s  

i s  n o t  optimum f o r  a l l  t y p e s  o f  ionogram.  I n  some 
c a s e s  i t  m i g h t  p r o v i d e  t o o  many p o i n t s ,  a n d  l e a d  t o  a 
s l i g h t  r e d u c t i o n  i n  e f f i c i e n c y  f r o m  t h e  s t a n d p o i n t  o f  
c o m p u t e r  t i m e .  T y p i c a l l y  t h e  p r o c e s s i n g  o f  a n  i o n o g r a m  

r e q u i r e s  a b o u t  4 s e c o n d s  i f  20 d a t a  p o i n t s  a r e  u s e d  

and  8 s e c o n d s  i f  30 p o i n t s  a r e  u s e d .  On t h e  o t h e r  

hand t h e  c r i t e r i o n  w i l l  v e r y  s e l d o m  y i e l d  a n  i n s u f -  

f i c i e n t  number o f  p o i n t s ,  F o r  e x a m p l e ,  on t h e  low 
d e n s i t y  model t h e  c r i t e r i o n  y i e l d s  24 d a t a  p o i n t s  and  

a maximum e r r o r  i n  a l t i t u d e  o f  1 km.  If t h e  c a l c u l a -  

t i o n s  a r e  d o n e  w i t h  o n l y  13 d a t a  p o i n t s  t h e  maximum 

e r r o r  becomes e q u a l  t o  6 k m ,  which  i s  s t i l l  r e l a t i v e l y  
s m a l l .  The e r r o r  f o r  t h e s e  two c a s e s  i s  shown a s  a 
f u n c t i o n  of a l t i t u d e  on F i g .  1 and 2 ( g r a p h s  l a b e l l e d :  
p a r a b o l i c ) .  

2 .  

T h e r e  r e s u l t s  i n d i c a t e  t h a t  t h e  number o f  p o i n t s  g i v e n  
by t h e  s c a l i n g  c r i t e r i o n  i s  n o t  m a r g i n a l ,  s i n c e  i t  i s  

p o s s i b l e  t o  e l i m i n a t e  a p p r o x i m a t e l y  h a l f  o f  t h e s e  
p o i n t s  and  s t i l l  a c h i e v e  a s a t i s f a c t o r y  a c c u r a c y .  

C h o i c e  o f  l a m i n a t i o n  model .  
P e r f o r m i n g  t h e  same c a l c u l a t i o n s  w i t h  t h e  low d e n s i t y  

m o d e l ,  b u t  a s s u m i n g  l a m i n a t i o n s  l i n e a r  i n  l o g  N ,  y i e l d s  
a maximum e r r o r  of 2 0  km f o r  t h e  2 4  p o i n t  a n a l y s i s ,  

a n d  50 km f o r  t h e  13 p o i n t  a n a l y s i s .  The e r r o r  f o r  t h e  
l i n e a r  l a m i n a t i o n  c a l c u l a t i o n  i s  a l s o  shown i n  F i g .  1 

and 2 ( g r a p h s  l a b e l l e d :  l i n e a r ) .  S i m i l a r  g r a p h s  w e r e  

o b t a i n e d  f o r  t h e  h i g h  d e n s i t y  m o d e l .  I n  t h i s  c a s e  t h e  
l i n e a r - i n - l o g  N l a m i n a t i o n  y i e l d e d  a maximum e r r o r  i n  
a l t i t u d e  o f  15 km u s i n g  t h e  28 p o i n t s  p r o v i d e d  by t h e  
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s c a l i n g  c r i t e r i o n .  The  maximum e r r o r  i s  4 0  km 

when o n l y  15 p o i n t s  a r e  used  i n  t h e  c a l c u l a t i o n s .  

T h i s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  p a r a b o l i c  l a m i -  

n a t i o n  method y i e l d s  r e s u l t s  a b o u t  10 t imes  more 

a c c u r a t e  t h a n  t h o s e  o b t a i n e d  w i t h  t h e  l i n e a r  l a m i n a -  
t i o n  method.  F u r t h e r m o r e  t h e  use o f  t h e  l i n e a r  
l a m i n a t i o n s  c a u s e s  t h e  p r o f i l e  t o  b e  t o o  h i g h .  

3 .  I m p o r t a n c e  o f  i t e r a t i o n .  

F a i l u r e  t o  i t e r a t e  w i l l  c a u s e  t h e  p r o f i l e  t o  be 

t o o  low,  t h e  e f f e c t  b e i n g  most  pronounced  a t  t h e  

h i g h e r  a l t i t u d e s  ( S e e  F i g .  3 ) .  A l s o  i l l u s t r a t e d  
i n  F i g .  3 ,  i s  t h e  combined e f f e c t  o f  u s i n g  l i n e a r  
i n  l o g  N l a m i n a t i o n s  and no  i t e r a t i o n s .  I n  t h i s  
c a s e  t h e  two e f f e c t s  t e n d  t o  c o m p e n s a t e  c a u s i n g  t h e  
u p p e r  p o r t i o n  of  t h e  p r o f i l e  t o  be t o o  low a n d  t h e  

l o w e r  p o r t i o n  o f  t h e  p r o f i l e  t o  be t o o  h i g h .  The 
r e s u l t s  shown i n  F i g .  3 c o r r e s p o n d  t o  t h e  h i g h  d e n s i t y  

m o d e l .  I t  i s  s e e n  t h a t  t h e  e r r o r  c u r v e  i s  v e r y  smooth 
when l i n e a r  l a m i n a t i o n s  a r e  u s e d ,  b u t  q u i t e  e r r a t i c  
w i t h  t h e  p a r a b o l i c  l a m i n a t i o n  method.  T h i s  i l l u s -  

t r a t e s  one c h a r a c t e r i s t i c  o f  t h e  p a r a b o l i c  m e t h o d ,  

namely t h e  f a c t  t h a t  i t  i s  much more c r i t i c a l  t h a n  t h e  
l i n e a r  method.  I n  o t h e r  w o r d s ,  t h e  e r r o r  a t  a g i v e n  
p o i n t  p r o d u c e s  n o t  o n l y  a i n c o r r e c t  s t a r t i n g  p o i n t  

b u t  a l s o  a n  i n c o r r e c t  i n i t i a l  s l o p e .  T h i s  s i t u a t i o n  
c a n  l e a d  t o  d e n s i t i e s  d e c r e a s i n g  w i t h  d e p t h ,  making 
t h e  i n t e g r a t i o n  c a l c u l a t i o n s  i m p o s s i b l e  w i t h  t h e  
t e c h n i q u e s  u s e d  i n  t h e  N-h program.  ( S e e  Appendix  D ,  

s e c t i o n  4 ) .  T h i s  i s  p r e c i s e l y  w h a t  happened when t h e  
n o - i t e r a t i o n  t e s t  was per formed w i t h  t h e  low d e n s i t y  
model .  C o n s e q u e n t l y  t h e  e r r o r  curve  f o r  t h e  low d e n s i t y  

model  c a n n o t  be shown. 

I n  terms o f  a g i v e n  l a m i n a t i o n ,  a n d  a s s u m i n g  a c o r r e c t  
s t a r t i n g  p o i n t ,  t h e  a l t i t u d e  a t  t h e  b o t t o m  of 

t h e  l a m i n a t i o n  ( o r  e q u i v a l e n t l y  t h e  t h i c k n e s s  o f  
t h e  l a m i n a t i o n )  c a n  e a s i l y  be i n  e r r o r  by 1 km p r i o r  



t o  t h e  i t e r a t i o n .  Each i t e r a t i o n  t e n d s  t o  r e d u c e  
t h i s  e r r o r  b y  r o u g h l y  a f a c t o r  o f  10,  g i v i n g  a s  

success ive  e r r o r s  0 . 1 ,  0 .01,  0.001, 0.0001, e t c .  
S i n c e  t h e  i t e r a t i o n  i s  c a r r i e d  o u t  u n t i l  t h e  sue- 
c e s s i v e  h e i g h t s  d i f f e r  by l e s s  t h a n  0.01 km, t h e  
p r o c e s s  would s t o p  a f t e r  t h e  3 r d  i t e r a t i o n  f o r  

t h e  a b o v e  e x a m p l e .  I n  a c t u a l  p r a c t i c e  most  c a l c u -  
l a t i o n s  r e q u i r e  3 - + 1 i t e r a t i o n s ,  t h e  i t e r a t i o n s  b e i n g  

o f  c o u r s e  performed o n l y  w i t h  t h e  l a m i n a t i o n  h a v i n g  

t h e  r e f l e c t i o n  p o i n t  a t  i t s  l o w e r  b o u n d a r y .  R e f e r r i n g  
t o  F i g .  3 ,  i t  is  s e e n  t h a t  f o r  t h e  p a r a b o l i c  m e t h o d ,  
t h e  p o i n t  o b t a i n e d  a t  2800 km ( u s i n g  n o  i t e r a t i o n )  i s  

a c t u a l l y  i n  e r r o r  by a b o u t  10 k m ,  w h e r e a s  t h e  same 

p o i n t  o b t a i n e d  w i t h  t h e  l i n e a r  method i s  i n  e r r o r  by 

l e s s  t h a n  1 km. It  s h o u l d  be n o t e d  a l s o  t h a t  i n  b o t h  

c a s e s  t h e  same s t a r t i n g  p o i n t  i s  u s e d ,  s i n c e  t h e  f i r s t  
l a m i n a t i o n  i s  a l w a y s  c a l c u l a t e d  by  t h e  l i n e a r  method 

( i n  view o f  t h e  f a c t  t h a t  a m a t c h i n g  o f  s l o p e s  i s  
n o t  f e a s i b l e  a t  t h a t  s t a g e ) .  I t  i s  s e e n  t h a t  t h e  

l i n e a r  method p r o v i d e s  a much b e t t e r  i n i t i a l  e s t i m a t e  
o f  t h e  l a m i n a t i o n  t h i c k n e s s .  C o n s e q u e n t l y  even f o r  
t h e  p a r a b o l i c  method t h e  f i r s t  c a l c u l a t i o n  of  t h e  

unknown l a m i n a t i o n  i s  b a s e d  upon t h e  l i n e a r  l a m i n a -  
t i o n  method.  T h i s  p r o v i d e s  a good s t a r t i n g  p o i n t  f o r  

t h e  p a r a b o l i c  t e c h n i q u e  w h i c h  i s  t h e n  u s e d  i n  t h e  
i t e r a t i o n  p r o c e s s .  T h i s  method s p e e d s  u p  t h e  con-  

v e r g e n c e  p r o c e s s  and a l s o  h e l p s  i n  p r e v e n t i n g  t h e  
p a r a b o l i c  c a l c u l a t i o n s  f rom g o i n g  a s t r a y .  

* 

4. C h o i c e  of i n t e g r a t i o n  t e c h n i q u e .  
To show t h e  i m p o r t a n c e  o f  t h e  c h a n g e  o f  v a r i a b l e  i n  

p e r f o r m i n g  t h e  i n t e g r a t i o n ,  t h e  ionogram f o r  t h e  low 
d e n s i t y  model  w a s  a n a l y z e d  u s i n g  t h e  p a r a b o l i c - i n -  

l o g  N l a m i n a t i o n  t e c h n i q u e ,  i t e r a t i o n  u n t i l  Ah was l e s s  
t h a n  0.01 km, b u t  o m i t t i n g  t h e  c h a n g e  o f  v a r i a b l e .  

* The 0.01 km c r i t e r i o n  r e f e r s  only t o  t h e  i n t e r n a l  cons i s t ency  of t h e  
c a l c u l a t i o n s .  S c a l i n g  e r r o r s  and assumptions made i n  t h e  a n a l y s i s  
w ~ l l  c ause  t h e  computed N-h p r o f i l e  t o  have e r r o r s  much g r e a t e r  
t h a n  0.01 km. 



The i n t e g r a t i o n  was per formed w i t h  b o t h  a 7 - p o i n t  

G a u s s i a n  and a 1 6 - p o i n t  G a u s s i a n .  The e r r o r  i s  
srhown a s  a f u n c t i o n  o f  a l t i t u d e  i n  F i g .  4. It i s  
s e e n  t h a t  even w i t h  a 1 6 - p o i n t  G a u s s i a n  a n  e r r o r  
of 22 km c a n  t a k e  p l a c e .  The e r r o r s  a r e  s u c h  a s  

t o  make the  p r o f i l e  a p p e a r  t o  be t o o  low.  
- 

5 .  Comparable  o b s e r v a t i o n s  u s i n g  a c t u a l  A l o u e t t e  I1 

i o n o g r a m s .  
T h r e e  A l o u e t t e  I1 i o n o g r a m s  were s e l e c t e d  by t h e  
I S I S  Working Group t o  compare t h e  r e s u l t s  o f  N-h 
r e d u c t i o n s  a s  per formed by t h e  v a r i o u s  a g e n c i e s  
p a r t i c i p a t i n g  i n  t h e  I S I S  Program.  A c t u a l l y  t h e  

ionograms came f rom d i f f e r e n t  a g e n c i e s ,  e a c h  a g e n c y  
s c a l i n g  i t s  own i o n o g r a m ,  a c c o r d i n g  t o  i t s  own 
s c a l i n g  c r i t e r i o n .  The s c a l i n g  c r i t e r i o n  s u g g e s t e d  
i n  t h i s  r e p o r t  w a s  n o t  u s e d  on a n y  o f  t h e s e  t h r e e  

i o n o g r a m s .  The e r r o r  o b t a i n e d ,  i f  e i t h e r  a c h a n g e  
of v a r i a b l e  i s  n o t  made, o r  i t e r a t i o n s  a r e  n o t  p e r -  
f o r m e d ,  i s  shown i n  F i g .  5 a s  a f u n c t i o n  o f  a l t i t u d e .  
S i n c e  two o f  t he  t e s t  i o n o g r a m s  were f o r  n e a r - a p o g e e  
c o n d i t i o n s ,  o n l y  one h i g h  a l t i t u d e  c a s e  i s  i l l u s t r a t e d .  

A c t u a l l y  t he  r e s u l t i n g  e r r o r s  w e r e  very s i m i l a r  f o r  
b o t h  i o n o g r a m s .  F o r  t h e  h i g h  a l t i t u d e  i o n o g r a m s  u s e d  
t o  o b t a i n  t h e  d a t a  i n  F i g .  5 ,  t h e  s a t e l l i t e  a l t i t u d e  

was 2873 km and t h e  l o c a l  d e n s i t y  was 1 2 6 0  e l / cc .  
The t h i r d  ionogram was t a k e n  f r o m  a n  a l t i t u d e  o f  958 km 
a n d  i s  s i m i l a r  t o  t h e  t y p e  o f  i o n o g r a m s  o b t a i n e d  w i t h  
A l o u e t t e  I .  The e r r o r  was d e t e r m i n e d  by a s s u m i n g  t h a t  
t he  p a r a b o l i c -  i n - l o g  N t e c h n i q u e  y i e l d e d  t h e  c o r r e c t  

a n s w e r .  It i s  s e e n  t h a t  t h e  e r r o r s  on t h e  h i g h  a l t i -  
t u d e  ionogram a r e  c o m p a r a b l e  t o  t h e  e r r o r s  f o u n d  w i t h  
t h e  low d e n s i t y  B a u e r  m o d e l .  It  s h o u l d  be m e n t i o n e d  

t h a t  i n  F i g .  5 c u r v e  C w a s  smoothed on t h e  e r r o r  g r a p h  
f o r  t h e  h i g h  a l t i t u d e  ionogram.  P r i o r  t o  s m o o t h i n g ,  

curve  C w a s  s i m i l a r  t o  t h e  c o r r e s p o n d i n g  curve  i n  F i g .  3 .  
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I t  is a l s o  seen  t h a t  t h e  e r r o r s  a re  much s m a l l e r  f o r  a low 
a l t i t u d e  t o p s i d e  ionogram. I n  p a r t i c u l a r ,  i t e r a t i o n  is n o t  
n e a r l y  a s  impor tan t  f o r  a low a l t i t u d e  ionogram a s  f o r  a 
h i g h  a l t i t u d e  ionogram. I t  should  be po in ted  o u t  t h a t  f o r  
an a c t u a l  ionogram, t h e  magnetic f i e l d  v a r i a t i o n  w i t h  a l t i t u d e  
is c a l c u l a t e d  n o t  from an i n v e r s e  cube law, b u t  from a r e f i n e d  
f i e l d  model, (September 1965, Danie ls  and Cain model). 
Errors o b t a i n e d  when an i n v e r s e  cube law is used ( I n s t e a d  
of t he  more a c c u r a t e  f i e l d  va lues )  have been i n v e s t i g a t e d  
i n  these t h r e e  t e s t  ionograms. The maximum e r r o r  r e s u l t i n g  
from t h e  u s e  of an i n v e r s e  cube f i e l d  model was 10.4 km f o r  
t h e  h i g h  a l t i t u d e  p r o f i l e s  and 0.22 k m  f o r  t h e  low a l t i t u d e  
p r o f i l e .  I t  was a l s o  found t h a t  no s i g n i f i c a n t  e r r o r  is 
in t roduced  i f  the  magnetic v a r i a t i o n  is assumed t o  fo l low 
the  i n v e r s e  cube l a w  w i t h i n  each lamina t ion .  Although a 
7-point  Gaussian i n t e g r a t i o n  was used t o  c a l c u l a t e  curve C ,  
t he  same r e s u l t s  would be ob ta ined  w i t h  a 3-poin t  Gaussian 
i n t e g r a t i o n  . 
V. CONCLUDING REMARKS AND ILLUSTRATIVE EXAMPLES 

The N-h a n a l y s i s  d i s c u s s e d  i n  t h i s  r e p o r t  assumes r a t h e r  
i d e a l  sounding c o n d i t i o n s  i n t o  a s p h e r i c a l l y  s t r a t i f i e d  
ionosphere .  The sounder is  a l s o  assumed s t a t i o n a r y  du r ing  
t h e  complete sounding. Ac tua l ly  t h e  h o r i z o n t a l  d i s t a n c e  
changes t y p i c a l l y  b y  a few t e n s  of k i l o m e t e r s  du r ing  a sounding 
and on Aloue t t e  I1 t h e  s a t e l l i t e  a l t i t u d e  a l s o  changes by a 
f e w  k i l o m e t e r s  d u r i n g  a complete sounding. Large e r r o r s  i n  
s c a l i n g  can a l s o  be p r e s e n t  when t h e  ionograms e x h i b i t  heavy 
s p r e a d  c o n d i t i o n s .  

Work is c u r r e n t l y  under way t o  e v a l u a t e  (and hope fu l ly  
minimize) some of t h e  e r r o r s  a r i s i n g  from t h e  above assumptions 
and u n c e r t a i n t i e s .  T h i s  e f f o r t  must be based upon both  
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t h e o r e t i c a l  c o n s i d e r a t i o n s  (such a s  r a y  p a t h  a n a l y s i s )  and 
experimental  d a t a  (such a s  making maximum u s e  of t h e  o r b i t a l  
d a t a  and of t h e  t o t a l  i n fo rma t ion  a c t u a l l y  p r e s e n t  on t h e  
ionograms). I t  has  been s t r e s s e d  e a r l i e r  t h a t  N-h a n a l y s i s  
of t ops ide  ionograms is done almost e x c l u s i v e l y  w i t h  t h e  
e x t r a o r d i n a r y  r ay .  The i n i t i a l  p o r t i o n  of t h e  o r d i n a r y  
t r a c e  i s  u s u a l l y  d i f f i c u l t  t o  s c a l e  or comple te ly  miss ing .  
Conversely,  t h e  low f requency  end of t h e  Z t r a c e  t e r m i n a t e s  
when X = (1 - Y ) / ( 1  - YL ). Both of t h e s e  t r a c e s  however, 
can provide u s e f u l  checks on t h e  v a l i d i t y  of t h e  e x t r a o r d i n a r y  
r a y  a n a l y s i s .  Consequent ly ,  t h e  au thor  a l s o  makes u s e  of 
0 mode and Z mode d a t a  t o  check t h e  p r o f i l e  d e r i v e d  from t h e  
e x t r a o r d i n a r y  t r a c e .  A t  the  p r e s e n t  s t a z e  of t h e  a r t ,  
t h i s  approach can e i t h e r  show t h a t  t h e  r e s u l t s  a r e  c o n s i s t e n t  
and hence g ive  g r e a t e r  conf idence  i n  the  X-trace i n t e r p r e t a t i o n  
or r e v e a l  disagreements  and g i v e  some i n d i c a t i o n  of t h e  
p o s s i b l e  errors p r e s e n t  i n  t h e  computed N-h p r o f i l e s .  Another 
way t o  check t h e  a n a l y s i s  of a g iven  ionogram is t o  make u s e  
of ad jacen t  ionograms. T h i s  is p a r t i c u l a r l y  h e l p f u l  on 
Aloue t t e  11, s i n c e  s u c c e s s i v e  soundings a r e  u s u a l l y  o b t a i n e d  
from s i g n i f i c a n t l y  d i f f e r e n t  a l t i t u d e s .  I n c o r r e c t  i n t e r p r e t a t i o n  
of t h e  ionogram echoes on s u c c e s s i v e  ionograms t-aken from 
d i f f e r e n t  h e i g h t s  is very l i k e l y  t o  y i e l d  i n c o n s i s t e n t  N-h 
r e s u l t s ,  

2 2 

The fo l lowing  examples i l l u s t r a t e  t h e  two t y p e s  of cons i s -  
tency  checks d i scussed  above. 

Example I. The Aloue t t e  I1 ionogram of F i g u r e  6 

e x h i b i t s  e x c e l l e n t  Z ,  0 and X t r a c e s ,  and it was t h e r e f o r e  
selected f g e  s imul taneous  a n a l y s i s  of t h e  t h r e e  t r a c e s .  The 
r e s u l t s  of t h e  a n a l y s i s  a r e  shown i n  F i g u r e  7 .  I t  is seen 
t h a t  good agreement was ob ta ined  by t h e  t h r e e  methods. The 
Z t r a c e  y i e l d e d  t h e  p r o f i l e  from t h e  s a t e l l i t e  a l t i t u d e  
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(950 km) down t o  515 km. Ana lys i s  of Z t r a c e s  have been found 
t o  g i v e  good r e s u l t s  provided t h e  s t e e p e s t  p o r t i o n  of t h e  
t r a c e  (near  Z i n f i n i t y )  is no t  used. I n  t h i s  c a s e  t h e  l a s t  
p o i n t  used was a t  t h e  0.90 MHz frequency marker. The 
i n f i n i t y  of t h e  Z t r a c e  ( f z I )  occurs  a t  0.97 MHz which is 
c o n s i s t e n t  w i t h  t h e  c o n d i t i o n  X = (1  - Y ) / ( 1  - YL ) and 
w i t h  t h e  assumption t h a t  t h e  propagat ion was v e r t i c a l .  The 
r e s o l u t i o n  is such t h a t  a 3 degree  d e p a r t u r e  from v e r t i c a l  
p ropagat ion  could  have been de tec t ed .  F igu re  6 shows a 
good example of t h e  Z '  t r a c e  (Ca lve r t ,  1966) which is an 
a d d i t i o n a l  Z t r a c e  o r i g i n a t i n g  from t h e  plasma resonance.  
Also v i s i b l e  on F ig .  6 a r e  echoes due t o  t h e  s i d e  r e sponses  
of t h e  t r a n s m i t t e d  p u l s e  (See Appendix B ) .  There is one 
response  below t h e  main spectrum and two re sponses  above. 
These a r e  very  c l e a r l y  seen on t h e  Z '  t r a c e .  

2 2 

A s e a r c h  was conducted i n  order  t o  see whether or not  any 
excep t ion  could  be found t o  t h e  gene ra l  r u l e  t h a t  t h e  Z t r a c e  
on Aloue t t e  I1 does not  ex tend  down t o  t h e  maximum of t h e  
F2 r eg ion .  T h e o r e t i c a l  c o n s i d e r a t i o n s  (See Appendix A)  
show t h a t  t h e  Z mode could  r each  hmaxF2 i f  f0F2 is very low, 
i f  t h e  magnetic d i p  is not  c l o s e  t o  90°, and i f  t h e  s a t e l l i t e  
is nea r  pe r igee .  Very low va lues  of foF2 (combined wi th  d i p  
a n g l e s  less than  65 degrees)  occur  a t  h igh  Southern l a t i t u d e s  
d u r i n g  t h e  months of June ,  J u l y  and August. S ince  Aloue t t e  I1 

p e r i g e e  was near  t h e  South P o i n t  of t h e  o r b i t  d u r i n g  t h e  first 
two weeks of Ju ly  1966, it seemed t h a t  t h e  requi rements  could  
be m e t  on some of t h e  ionograms ob ta ined  from SOLANT ( t h e  
South A t l a n t i c  S t a t i o n )  f o r  t h e  per iod  June  1 t o  August 
31, 1966. Approximately 450 Aloue t t e  I1 ionograms were 
o b t a i n e d  from SOLANT d u r i n g  t h i s  per iod  and f o r  s a t e l l i t e  
a l t i t u d e s  r ang ing  from 500 t o  800 km. (Ionograms t aken  from 
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a l t i t u d e s  g r e a t e r  t h a n  800 km were d i s c a r d e d  as be ing  u n l i k e l y  
t o  e x h i b i t  complete Z t r a c e s . )  Most of t h e  low a l t i t u d e  iono- 
grams had very good Z traces ending a t  f z I .  Three had Z traces 
t e rmina t ing  a t  F2max, b u t  only one ionogram could  be found 
where t h e  Z t r a c e  extended con t inuous ly  from t h e  s a t e l l i t e  
a l l  t h e  way down t o  F2max. T h i s  very  unusual  A loue t t e  iono- 
gram, ob ta ined  on day  191  of 1966 a t  000659 GMT, e x h i b i t s  a 
complete X trace,  an almost complete 0 t r a c e ,  and a cont inuous  
Z t r a c e  corresponding t o  r e f l e c t i o n s  from t h e  s a t e l l i t e  down 
t o  F2max. E lec t ron  d e n s i t y  p r o f i l e s  d e r i v e d  from these three 
traces were found t o  be i n  e x c e l l e n t  agreement.  I t  should be 
noted t h a t  t h i s  ionogram was ob ta ined  n e a r  t h e  Southern end 
of t h e  SOLANT coverage.  I t  is q u i t e  p o s s i b l e  t h a t  such  iono- 
grams a r e  more common over  A n t a r c t i c a  and t h a t  a d d i t i o n a l  
examples cou ld  be found among t h e  d a t a  acqu i r ed  a t  t h e  Byrd  

t e l e m e t r y  s t a t i o n .  Data from t h i s  s t a t i o n  were no t  a v a i l a b l e  
t o  t h e  au tho r  a t  t h e  t i m e  of t h i s  w r i t i n g .  

For N-h c a l c u l a t i o n s  based upon t h e  o r d i n a r y  r a y ,  a change 
2 of v a r i a b l e  t = l - X  is used.  A 3-point Gaussian i n t e g r a t i o n  

technique  i s  s a t i s f a c t o r y  i f  t h e  d i p  is less t h a n  50 degrees .  
If t h e  a n g l e  of magnetic d i p  is g r e a t e r  t h a n  50 d e g r e e s ,  a 
h igher  o r d e r  Gaussian mus t  be  used on t h e  l a s t  l amina t ion .  

Example 2. Consis tency of r e s u l t s  ob ta ined  from t h e  
a n a l y s i s  of consecu t ive  ionograms is b e s t  i n d i c a t e d  by 
p l o t t i n g  e l e c t r o n  d e n s i t y  con tour s  as  a f u n c t i o n  of l a t i t u d e  
(or d i p  a n g l e ) .  An example of a pole- to-pole  Aloue t t e  I1 

pass  is given by F ig .  8 ,  which shows t h e  a l t i t u d e  of c o n s t a n t  
dens i ty  l i n e s .  One s t r i k i n g  fea ture  of t h i s  p r e s e n t a t i o n  is 
t h e  high degree  of un i formi ty  i n d i c a t e d  by t h e  N-h a n a l y s i s  
a t  a l t i t u d e s  between 400 and 600 km, when one c o n s i d e r s  t h e  

f a c t  t h a t  t h e s e  d e n s i t y  l e v e l s  are viewed from sounder h e i g h t s  
ranging from 600 km t o  2700 km, and a l s o  c o n s i d e r i n g  t h e  fact  
t h a t  t h e  d i s t r i b u t i o n  changed cons ide rab ly  a t  a l t i t u d e s  above 
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1000 k m  on s u c c e s s i v e  ionograms. The h igh  a l t i t u d e  p o r t i o n  
of t h e  p r o f i l e s  changed q u i t e  r a p i d l y  a s  t h e  d i p  i n c r e a s e d  
from 60 t o . 7 5  degrees .  Th i s  is i l l u s t r a t e d  more c l e a r l y  by 
F ig .  9 ,  which shows some of t h e  p r o f i l e s  used t o  produce 
F ig .  8 .  Another p r e s e n t a t i o n  of the  same pole- to-pole  d a t a  
is g iven  by t h e  c o n s t a n t  h e i g h t  contours  of F ig .  10. T h i s  
F i g u r e  shows t h a t  t h e  d e n s i t i e s  a t  500 and 600 km were r e l a -  
t i v e l y  c o n s t a n t  a s  t h e  d i p  inc reased  from 40 t o  80 degrees ,  
whereas t h e  d e n s i t i e s  a t  1500 km decreased by one o r d e r  of 
magnitude a s  t h e  d i p  i n c r e a s e d  from 60 t o  80 degrees .  T h i s  
e f f ec t  is much less pronounced a t  t h e  800 and 1000 km l e v e l s  
and it would t h e r e f o r e  be much less n o t i c e a b l e  on Aloue t t e  I 

ionograms. On t h e  o t h e r  hand, Alouet te  I would have provided 
a more complete p i c t u r e  South of the  magnet ic  equa to r .  
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F i g u r e  Capt ions  

F ig .  1. 

Fig .  2. 

Fig.  3. 
Fig.  4. 

F ig .  5. 

F ig .  6 .  

Fig .  7. 

Fig .  8. 

F ig .  9. 

F ig .  10. 

R e l a t i v e  accuracy of pa rabo l i c - in - log  N and l i n e a r  
i n  l o g  N t echn iques  f o r  24-point a n a l y s i s .  
R e l a t i v e  accuracy of pa rabo l i c - in - log  N and l i n e a r  
i n  l o g  N t echn iques  f o r  13-point  a n a l y s i s .  
E r r o r s  i n t roduced  when i t e r a t i o n  is  n o t  used. 
E r r o r s  i n t roduced  when t h e  group h e i g h t  i n t e g r a l s  
a r e  eva lua ted  wi thou t  making t h e  change of 
v a r i a b l e  t - =  1 - X/(l-YR). 
E r r o r s  i n t roduced  i n  ionogram a n a l y s i s  when e i t h e r  
t h e  i n t e g r a n d  is i n f i n i t e  a t  t h e  r e f l e c t i o n  p o i n t ,  
or when i t e r a t i o n  is n o t  performed. H s  is t h e  
s a t e l l i t e  a l t i t u d e .  
Example of an A l o u e t t e  I1 ionogram w i t h  exce l len t  
Z ,  0 and X t r a c e s .  
E l e c t r o n  d e n s i t i e s  ob ta ined  from t h e  ionogram 
of F igure  6 ,  doing  independent N-h a n a l y s i s  on 
each of t h e  Z ,  0 and X t r a c e s .  The p o i n t s  shown 
on t h e  graph were s e l e c t e d  from t h e  computed 
p o i n t s .  For t h e  sake  of c l a r i t y ,  ove r l app ing  
p o i n t s  were omi t t ed ,  except  a t  t h e  ends of t h e  
p r o f i l e .  
E l e c t r o n  d e n s i t y  con tour s  over t h e  American 
c o n t i n e n t s  d e r i v e d  from Aloue t t e  I1 ionograms. 
T y p i c a l  e l e c t r o n  d e n s i t y  p r o f i l e s  used  t o  o b t a i n  
t h e  con tour s  of F ig .  8. 
Same d a t a  a s  F ig .  8, b u t  p re sen ted  i n  terms of 
d e n s i t y  a t  c o n s t a n t  h e i g h t s .  

2 

Fig .  B - 1 .  Typica l  A l o u e t t e  I1 ionogram and graph showing t h e  
r e l a t i v e  f r e q u e n c i e s  of t h e  cu t -of f  and resonance 
c o n d i t i o n s .  The dashed l i n e  on t h e  graph shows t h e  
c o n d i t i o n s  cor responding  t o  t h e  ionogram shown. 
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Fig .  B-2. Typ ica l  cut-off  and resonance sequences on Aloue t t e  
ionogram i n  i n c r e a s i n g  o r d e r  of complexity.  

cut-off  and resonances s e e n  on ionograms. 
F ig .  B-4. Ionospher ic  Model used f o r  e r r o r  s t u d i e s .  
F ig .  B-5. Ionogram corresponding t o  t h e  h igh  d e n s i t y  model 

F ig .  B-3.' Sample Page of t a b l e s  used f o r  i d e n t i f i c a t i o n  of 

of F ig .  B-4. P o i n t s  a r e  t h o s e  ob ta ined  us ing  
t h e  a u t h o r ' s  s c a l i n g  c r i t e r i o n .  

F ig .  B-6. Ionogram corresponding t o  t h e  low d e n s i t y  model 
of Fig.  B-4. P o i n t s  a r e  t h o s e  ob ta ined  u s i n g  
t h e  a u t h o r ' s  s c a l i n g  c r i t e r i o n .  

Fig.  B-7. S i z e  of Laminations ( i n  terms of d e n s i t y  r a t i o s )  
r e s u l t i n g  from t h e  a u t h o r ' s  s c a l i n g  c r i t e r i o n  f o r  
v a r i o u s  va lues  of gyrof requencies  and d e n s i t i e s  
a t  t h e  s a t e l l i t e .  The gyrofrequency was assumed 
t o  be independent of a l t i t u d e .  

F ig .  B-8. I d e n t i f i c a t i o n  of e a r l y  A l o u e t t e  I ionograms. 

Fig.  C-1. Behavior of i n t eg rand  i n  e x t r a o r d i n a r y  r a y  group 
h e i g h t  i n t e g r a l s  a s  a r e s u l t  of t h e  change of 
v a r i a b l e  t2 = 1-X/(l-Y). 

F ig .  C-2. Shows t h a t  t h e  m i n i m u m  d e n s i t y  (N) a t  t h e  s a t e l l i t e  
should  be g r e a t e r  than 500 el/cc on Aloue t t e  I1 
t o  permit  an N-h a n a l y s i s  u s i n g  t h e  e x t r a o r d i n a r y  
t r a c e .  

F ig .  C-3. Errors i n  t h e  upper po r t ion  of t h e  N-h cu rves  
r e s u l t i n g  from e r r o r s  i n  s c a l i n g  fxS ,  when 
d e n s i t i e s  a t  t h e  s a t e l l i t e  a r e  c l o s e  t o  t h e i r  
minimum r e s o l v a b l e  values .  (See F i g u r e  B-6). 
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Fig .  D-1. Lamination Model. 
F ig .  D-2. Computed a l t i t u d e  f o r  t h e  bottom of a l amina t ion  

a s  a f u n c t i o n  of gyrofrequency.  The m i n i m u m  
gyrofrequency is t h e  va lue  a t  t h e  s a t e l l i t e ,  
and t h e  maximum gyrofrequency is based upon an 
e s s e n t i a l l y  c o n s t a n t  d e n s i t y  w i t h i n  t h e  l amina t ion .  
The a c t u a l  gyrofrequency a s  a f u n c t i o n  of a l t i t u d e  
is a l s o  i n d i c a t e d .  The c o r r e c t  va lue  of gyro- 
f requency a t  t h e  bottom of t h e  l amina t ion  is 
t h e  i n t e r s e c t i o n  of t h e  two curves .  The purpose 
of t h e  i t e r a t i o n  p rocess  is t o  f i n d  t h i s  
i n t e r s e c t i o n  p o i n t .  

F ig .  E-1 .  Local Mean T imes  f o r  A l o u e t t e s  I and I1 and 
p o s i t i o n  of A loue t t e  I1 per igee .  Data a r e  
f o r  year  1966, b u t  apply a l s o  t o  o t h e r  y e a r s  
i n  t h e  c a s e  of A loue t t e  I.  

F ig .  E-2. Shows how t h e  Aloue t t e  I e q u a t o r i a l  c r o s s i n g s  
a r e  evenly spaced when p l o t t e d  f o r  a one week 
per iod .  The c r o s s i n g s  d r i f t  s lowly  as i l l u s t r a t e d  
f o r  a p e r i o d  of e leven  weeks. 

Fig.  E-3. Local mean t i m e  and p o s i t i o n  of p e r i g e e  f o r  
A loue t t e  I1 dur ing  1967. 

Fig.  E-4. A l t i t u d e  of A l o u e t t e  I1 a s  a f u n c t i o n  of l a t i t u d e  
when t h e  argument of p e r i g e e  is 0 ,  90, 180,  and 
270 degrees .  
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APPENDIX A 

FORMULAS FOR GROUP AND REFRACTIVE INDICES 

APPENDIX A 

1. B a s i c  F o r m u l a s  

The g r o u p  r e f r a c t i v e  i n d e x  n '  f o r  a r a d i o  wave o f  

f r e q u e n c y  f i s  d e f i n e d  a s  t h e  f r e e  s p a c e  v e l o c i t y  o f  l i g h t  

d i v i d e d  b y  t h e  g r o u p  v e l o c i t y  o f  t h e  wave.  The f u n d a m e n t a l  

f o r m u l a  f o r  n '  i s :  

an n '  = n + f - af 

w h e r e  n i s  t h e  r e a l  p a r t  o f  t h e  r e f r a c t i v e  i n d e x  o f  t h e  medium. 

The i n d e x  n i s  g i v e n  by t h e  w e l l  known A p p l e t o n  H a r t r e e  

f o r m u l a ,  namely :  

X 
n = 11 - 

I 1 

2 
1 - 2 0 -  + yL 

yT2 +/[ yT2 1 J 

w h e r e  
2 

X = N / ( 1 2 , 4 0 0 f 2 )  = fN 
N = e l e c t r o n s / c c  

f = f r e q u e n c y  i n  Mc/s 

Y = f H / f  

f H =  2.8B MC/S 

B = ( t e r r e s t r i a l )  m a g n e t i c  

f 2  

i n d u c t i o n  i n  g a u s s e s  

direction of 
propagat ion 

F i g .  A . l  
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e = a n g l e  o f  m a g n e t i c  d i p  ( s e e  F i g .  A . l )  

YT= Y c o s  e 
Y = Y S i n  e 
- + = p o s i t i v e  s i g n  i n  f r o n t  of  s q u a r e  r o o t  i s  f o r  o r d i n a r y  

L 

r a y ;  n e g a t i v e  s i g n  i s  f o r  e x t r a o r d i n a r y  r a y  

The r e f l e c t i o n  c o n d i t i o n s  a r e  X = l  f o r  t h e  o r d i n a r y  r a y  ( e x c e p t  when 

e i s  e x a c t l y  90  ) and X=1-Y f o r  the  e x t r a o r d i n a r y  r a y .  0 

an 
af The e v a l u a t i o n  o f  - i s  f a i r l y  c o m p l i c a t e d  s i n c e  n i s  a 

f u n c t i o n  o f  X and Y a n d  b o t h  of t h e s e  p a r a m e t e r s  a r e  f u n c t i o n s  

o f  f .  The c a l c u l a t i o n s  a r e  s i m p l i f i e d  c o n s i d e r a b l y ,  however ,  

when e i s  e i t h e r  0 o r  90 d e g r e e s ,  i . e .  when t h e  e a r t h ' s  m a g n e t i c  

f i e l d  i s  e i t h e r  p e r p e n d i c u l a r  t o  ( t r a n s v e r s e  p r o p a g a t i o n )  

o r  p a r a l l e l  t o  ( l o n g i t u d i n a l  p r o p a g a t i o n )  t h e  d i r e c t i o n  o f  t h e  

wave p r o p a g a t i o n .  F o r  t h e s e  two l i m i t i n g  c a s e s  i t  i s  a l s o  

p o s s i b l e  t o  e v a l u a t e  a n a l y t i c a l l y  t h e  g r o u p  h e i g h t  i n t e g r a l  

s n  dh and h e n c e  c h e c k  t h e  a c c u r a c y  o f  t h e  n u m e r i c a l  i n t e g r a t i o n  

t e c h n i q u e  which  i s  needed  f o r  t h e  g e n e r a l  c a s e  ( i . e .  8 n e i t h e r  

0 ,  n o r  90 d e g r e e s ) .  

2 .  S p e c i a l  C a s e s  

a .  T r a n s v e r s e  P r o p a g a t i o n  (F i=O;  YT=Y; YL=O) 

I n  t h i s  c a s e  f o r m u l a s  (A-2) and ( A - 1 )  g i v e :  

f o r  t h e  o r d i n a r y  ray:  

n = j i Z  ( A - 3 )  

n '  = l /n  0 - 4 )  

f o r  t h e  e x t r a o r d i n a r y  r a y :  



n'=!I1+ (1-x-Y xy: ) 2J 

b .  L o n g i t u d i n a  1 P r o p a g a t  i o n  

A- 3 

( A - 6 )  

( e=90°, YL=Y, YT'0) 

I n  t h i s  c a s e  f o r m u l a s  ( A - 2 )  and  ( A - 3 )  g i v e :  

f o r  t h e  o r d i n a r y  r ay :  

xy 1 n '  = i l -  
n 2 (  l+Y)2  

f o r  t h e  e x t r a o r d i n a r y  r a y :  

2(1-Y)2 * I  n f  =-[1 I + 
n 

( A - 9 )  

( A - 1 0 )  

3 .  Comments on I n d e x  Computa t ion  P r o c e d u r e s  

a .  The f u n c t i o n  n n '  

F o r  t h e  s p e c i a l  c a s e s  d i s c u s s e d  a b o v e :  

n n '  = F ( X , Y )  ( A - 1 1 )  

w h e r e  F(X,Y) i s  a f u n c t i o n  o f  X and Y ,  which  i s  p o s i t i v e  a n d  f i n i t e  

f o r  every  p o i n t  a l o n g  e i t h e r  a n  o r d i n a r y  o r  a n  e x t r a o r d i n a r y  

t r a c e  on a t o p s i d e  ionogram. More s p e c i f i c a l l y  F(X,Y) i s  

f i n i t e  when: 
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0 5 x 5 1 .  c; f o r  t h e  o r d i n a r y  r a y ,  and 

O < X 5 1 - Y  < f o r  t h e  e x t r a o r d i n a r y  r a y ,  

It c a n  be s e e n  f rom f o r m u l a s  (A-4) and  ( A - 8 )  t h a t  

t h i s  s t a t e m e n t  i s  o b v i o u s l y  t r u e  f o r  t h e  o r d i n a r y  r a y .  I t  i s  

a l s o  t r u e  o f  t h e  e x t r a o r d i n a r y  r a y ,  b e c a u s e  t h e  d e n o m i n a t o r s  

a p p e a r i n g  i n  f o r m u l a s  (A-6) and (A-10)can n e v e r  become e q u a l  

t o  z e r o .  On t h e  e x t r a o r d i n a r y  t r a c e  o f  a t o p s i d e  i o n o g r a m  t h e  

p a r a m e t e r  Y i s  always l e s s  t h a n  u n i t y  b e c a u s e  on t h e  e x t r a o r d i n a r y  

t r a c e  f i s  a l w a y s  g r e a t e r  t h a n  f H .  Th i s  f a c t ,  p l u s  t h e  r e l a t i o n -  

s h i p  X < 1 - Y ,  i m p l i e s  t h a t  t h e  c o n d i t i o n  X < 1-Y2 i s  a l s o  s a t i s f i e d .  

The f a c t  t h a t  n n '  i s  a l w a y s  f i n i t e  i s  t r u e  f o r  t h e  

g e n e r a l  c a s e  ( p # O o ,  @ # g o 0 ) .  I n  f a c t ,  t h e  g e n e r a l  f o r m u l a  

f o r  n l  i s  o f  t h e  f o r m  

n l  = - 1 F ( X , Y , P )  
n 

where  F ( X , Y , Q )  i s  p o s i t i v e  a n d  f i n i t e  e v e r y w h e r e .  S i n c e  n=O 

a t  t h e  r e f l e c t i o n  p o i n t ,  t h e  v a l u e  o f  t h e  g r o u p  i n d e x  n '  

becomes i n f i n i t e  a s  n a p p r o a c h e s  z e r o .  T h u s ,  t h e  a c c u r a c y  of  

t h e  g r o u p  i n d e x  c a l c u l a t i o n s  n e a r  t h e  r e f l e c t i o n  p o i n t  d e p e n d s  

upon t h e  a c c u r a c y  of  t h e  c o r r e s p o n d i n g  r e f r a c t i v e  i n d e x  

c a l c u l a t i o n s .  The need  f o r  s p e c i a l  c a r e  i n  t h e  c a l c u l a t i o n  

c a n  be  i l l u s t r a t i n g  by showing what  h a p p e n s  t o  E q u a t i o n  A-2 

f o r  t h e  o r d i n a r y  r a y  when X a p p r o a c h e s  u n i t y .  I n  t h i s  c a s e  

E q u a t i o n  A-2  t a k e s  t h e  f o r m :  

X 
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w h e r e  M i s  a q u a n t i t y  which becomes i n f i n i t e  when X a p p r o a c h e s  

u n i t y .  The q u a n t i t y  ,/W-M c a n n o t  be e v a l u a t e d  a c c u r a t e l y  

( i n  t h e  g i v e n  f o r m )  b e c a u s e  i t  i s  t h e  d i f f e r e n c e  b e t w e e n  two 

l a r g e  and  a l m o s t  e q u a l  numbers .  F o r  example i f  M=1000 and 

YL 
a c c u r a c y  i n  t h e  c o m p u t e r )  would b e :  1000.0002-1000.0000,  

y i e l d i n g  o n l y  one s i g n i f i c a n t  f i g u r e  i n  t h e  a n s w e r .  The 

method used  by Becker  ( 1 9 6 0  ) i s  b a s e d  upon t h e  

f o r m u l a  : 

2 = 0 . 5 ,  t h e  d i f f e r e n c e  ( a s s u m i n g  a n  8 s i g n i f i c a n t  f i g u r e  

n 

F o r  t h e  same n u m e r i c a l  example  a s  above ,Be&er ' s  f o r m u l a  would 

y i e l d  a s  a d i f f e r e n c e  (0 .5 ) ' /2000 ,  w i t h  a n  a c c u r a c y  o f  a t  l e a s t  

7 s i g n i f i c a n t  f i g u r e s !  

Doupnik  ( p r i v a t e  communica t ion)  s u g g e s t e d  t h e  u se  of t h e  

f o l l o w i n g  t r i g o n o m e t r i c  s u b s t i t u t i o n :  

M t a n  o = - 
yL 

y i e l d i n g :  

2 2  (1-Sincv) 
yL C O S @  

M +YL - M = J 

Jw yL and S i n 0  = M 

JW N o t i n g  t h a t  Cos@ = 

i t  i s  r e a d i l y  s e e n  t h a t  D o u p n i k ' s  t r a n s f o r m a t i o n  i s  e q u i v a l e n t  
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t o  Becke r  s . Dou pn i k '  s t r i g o n o m e t r i c  t r a n s f o r m a t i o n ,  h o w e v e r ,  

l e a d s  t o  m u c h  s i m p l e r  f o r m u l a s  t h a n  Becker ' s  t r a n s f o r m a t i o n ,  

and f o r  t h i s  r e a s o n  i t  h a s  been  u s e d  i n  most  o f  t h e  t o p s i d e  

N - h  p rograms.  

4 .  D o u p n i k ' s  Fo rmulas  f o r  t h e  Group I n d e x .  

S u b s t i t u t i n g  t h e  v a l u e  of M f rom E q u a t i o n  A-2 i n t o  t h e  
f o r  t a n  a g i v e s  : 

2 
yT 

2YL( 1-x) 
t a n  01 = 

and e v a l u a t i n g  e q u a t i o n  A - 1  y i e l d s :  

where  : 
I 

n = J1- s X 

e x p r e s s  i o n  

(A-12) 

( A - 1 3 )  

(A-14) 

s = l + Y  cOscv f o r  t h e  o r d i n a r y  r a y  L l+Sincr 

e = - 1  f o r  t h e  o r d i n a r y  r a y  

s = l - Y L  l+Sincr 
C O S @  

f o r  t h e  e x t r a o r d i n a r y  r a y  

e = + l  f o r  t h e  e x t r a o r d i n a r y  r a y  

The above  f o r m u l a s  a r e  n o t  v a l i d  f o r  YL = 0. 

( A - 3 ) ,  ( A - 4 ) ,  ( A - 5 )  and  (A-6) a r e  used  i n  l i e u  of  (A-12) ,  ( A - 1 3 )  

and  (A-14). 
5 .  E x p r e s s i o n s  f o r  n and n '  Nea r  t h e  R e f l e c t i o n  P o i n t  

I n  t h i s  case f o r m u l a s  

The va lue  of  n n e a r  t h e  r e f l e c t i o n  p o i n t  i s  o b t a i n e d  by 

e x p a n d i n g  t h e  E a u a t i o n  (A-14) w i t h  a T a y l o r  s e r i e s .  It is found  
t h a t :  



+ -  when x - 1 
" ( o r d . )  C o s e  
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(A-15) 

and 

n ( e x t . )  +/y& [/ ,) when x + l-Y (A-16) 

I t  c a n  a l s o  be shown w i t h  E q u a t i o n  (A-13) t h a t :  

f o r  t h e  o r d i n a r y  ray:  

a n d  f o r  t h e  e x t r a o r d i n a r y  r ay :  

- 2 -Y 
2 - 

( 1-Y) ( 1 + S i n  P) b ' l  x = l - Y  

From E q u a t i o n s  (A-15) and (A-17) it i s  s e e n  t h a t :  

-+ 1 when x-1 

(A-17) 

( A - 1 8 )  

(A-19) 

Hence f o r  t h e  o r d i n a r y  r a y :  

1 
l i m x + l ( n f t )  = - c o s  6 ( A - 2 0 )  

w h e r e  t = 1- l-x (A-21) 

F o r m u l a s  (A-15),(A-17),(A-19) and (A -20 )  d o  n o t  h o l d  f o r  8 = 90°, s i n c e  

i n  t h i s  c a s e  t h e  r e f l e c t i o n  p o i n t  o c c u r s  f o r  t h e  o r d i n a r y  r a y  a t  X = 1 + Y .  
T h i s  s i t u a t i o n  c a n  a r i s e  w i t h  o b l i q u e  ( f i e l d - a l i g n e d )  p r o p a g a t i o n  p a t h s  

( a  c a s e  e x c l u d e d  f r o m  t h e  p r e s e n t  r e p o r t )  o r  n e a r  t h e  m a g n e t i c  p o l e s  ( a n d  

e v e n  t h e n  o n l y  o v e r  a s m a l l  p o r t i o n  o f  a v e r t i c a l  p r o p a g a t i o n  p a t h ) .  



S i m i l a r l y ,  E q u a t i o n  (A-16) and  ( A - 1 8 )  y i e l d  A - 8  

Hence f o r  the  e x t r a z o r d i n a r y  r a y  

2-Y ( n ' t )  = $2 ( 1 -Y ) J l X  
1 i m x + y  

where t = J1- l-y X 

(A-22) 

(A-23) 

(A-24) 

T h u s  t h e  s u b s t i t u t i o n s  g i v e n  by  E q u a t i o n  (A-21) and  ( A - 2 4 )  

y i e l d  , i n  t h e  g r o u p  h e i g h t  f o r m u l a s ,  a n  i n t e g r a n d  w h i c h  i s  

e v e r y w h e r e  f i n i t e .  It i s  o f  i n t e r e s t  t o  n o t e  t h a t  f o r  t h e  

o r d i n a r y  ray  t h e  v a l u e  of  n ' t  a t  t h e  r e f l e c t i o n  p o i n t  i s  a 

f u n c t i o n  of  8 b u t  n o t  Y ,  w h e r e a s  i n  t h e  c a s e  o f  t h e  e x t r a -  

o r d i n a r y  r a y ,  t h e  v a l u e  of  n ' t  a t  t h e  r e f l e c t i o n  p o i n t  d e p e n d s  

upon b o t h  e and Y. I n  t h e  a n a l y s i s  of  t o p s i d e  ionograms,  a l l o w a n c e  

i s  made for t h e  v a r i a t i o n  o f  Y w i t h i n  t h e  i n t e r v a l  o f  

i n t e g r a t i o n .  Hence E q u a t i o n  (A-23) i s  n o t  c o r r e c t  when Y i s  

a l s o  a v a r i a b l e .  I f  t h e  l i m i t  g i v e n  by E q u a t i o n  (A-23) i s  

r e p r e s e n t e d  by L(Y) t h e n ,  f o r  a v a r i a b l e  Y ,  E q u a t i o n  A-23 

becomes : 

1 i m  
x-1-Y 

Y'YL 

CY=Y L 

(A-25) 

F o r  t h e  e v a l u a t i o n  of w e  w r i t e :  



dY - dY dh ax-xax 
and make u s e  of t h e  lamina t ion  model used t o  c a l c u l a t e  ax. dh 

The v a r i a t i o n  of Y w i t h  a l t i t u d e  (=) dY can be approximated 
s a t i s f a c t o r i l y  w i t h i n  a laminat ion by assuming an i n v e r s e  
cube r e l a t i o n s h i p  between Y and h. 

6. Z Mode 

(a )  Genera l  Comments 

The presence  of a Z t r a c e  i s  ve ry  common on 
t o p s i d e  ionograms. The e x i t  f requency of t h e  Z t r a c e  ( fzS)  
can  be  used  t o g e t h e r  w i t h  t h e  e x i t  f requency  of t h e  (x) 
t r a c e ,  ( fxS)  t o  compute t h e  gyrofrequency (fHS) and t h e  

plasma frequency (fNS) a t  t h e  s a t e l l i t e  s i n c e :  

and 
fHS = fxS  - fzS 

(fNSI2 = (fxS) ( f z S ) .  

(A-26) 

(A-27) 

The Z mode, however, is n o t  used f o r  r o u t i n e  N-h 
a n a l y s i s ,  because u s u a l l y  it cannot propagate  from an A l o u e t t e  
s a t e l l i t e  down t o  t h e  peak of the  F2 r e g i o n  (F2max ). The 
Z t r a c e  t e r m i n a t e s  a t  a frequency f z I  cor responding  t o  
X = ( l - Y  ) / ( l - Y L  ) a t  which poin t  t h e  t r a c e  becomes v e r t i c a l .  
I f  p ropagat ion  is v e r t i c a l ,  t h e  f requency f z I  can provide  an 
a d d i t i o n a l  check on f N ,  s i n c e  the  c o n d i t i o n  f o r  f z I  can 
a l s o  be w r i t t e n :  

2 2 

fN2/fz12 = [1-fH2/fz12]/[1-fH 2 S i n  2 B/fzI 2 1 

from which fN can r e a d i l y  be computed. T h i s  measurement of 

fN is independent of f z S ,  fxS  and fNS and is u s e f u l  i n  c a s e s  

when none of t h e s e  q u a n t i t i e s  can be can be s c a l e d  a c c u r a t e l y  

on t h e  ionogram. Even i n  c a s e s  where t h e  d i r e c t i o n  of propagat ion  

is u n c e r t a i n ,  t h e  va lue  of f z I  g ives  an upper l i m i t  f o r  t h e  va lue  
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of fN. Also i f  there  is evidence t h a t  f N  = f zP  and i f  t h e  

magnetic d ip  is l e s s  than  80 degrees ,  t h e n  propagat ion  is  
probably occurr ing  along f i e l d - a l i g n e d  i r r e g u l a r i t i e s .  I f  
t h e  d i p  i s  g r e a t e r  than  80 degrees ,  t h e  d i f f e r e n c e  between 
f N  and f z I  is t o o  s m a l l  t o  be r e s o l v e d  when propagat ion  is 
v e r t i c a l .  

The N-h a n a l y s i s  w i t h  t h e  Z t r a c e  is done by keeping 
i n  mind t h a t  t h e  phase and group index formulas  f o r  t h e  Z 

t r a c e  a r e  t h e  same a s  f o r  t h e  o r d i n a r y  r a y  i f  X is g r e a t e r  
than  u n i t y  and they  a r e  t h e  same a s  f o r  t h e  e x t r a o r d i n a r y  r a y  
i f  X i s  l e s s  than  u n i t y ,  when t h e  index formula is w r i t t e n  i n  
form shown by Equat ion (A-2). The change a t  X = 1 does not  
t a k e  p l a c e  when Equat ion (A-2) is w r i t t e n  so t h a t  ( 1 - X )  does 
appear below YT . 
Equat ion A-2 is inde te rmina te .  However, when X = 1, t h e  phase 
index is u n i t y  for t h e  Z mode and t h e  group index n '  is: 

2 (See Kelso page 160) .  Also a t  X = 1 

(b)  Propagat ion Condi t ions  for t h e  Z Mode 
I n  order  t o  avoid t h e  t r i v i a l  c a s e  i n  which p e r i g e e  and 

t h e  maximum of t h e  F2 r eg ion  a r e  a t  comparable a l t i t u d e s  
( y i e l d i n g  vanish ing  h'-f  t r a c e s ) ,  i t  w i l l  be assumed t h a t  
hmaxF2 is  300 k m ,  i . e .  a t  l e a s t  200 km below t h e  Aloue t t e  I1 

pe r igee .  

t h e  sounder f requency ( f )  s a t i s f i e s  t h e  fo l lowing  c o n d i t i o n s :  
The Z mode can propagate  downward from t h e  s a t e l l i t e  provided 

f z S  < f < f z I  (A-2 8) 

where: f z S  = 

f z I  = 

fH = 

fN = 

-3- f H  + z \  /4fN2 + fH2 

/ fH2 + fN2 + J ( f H 2  + f N  2 2  - 4fN2 f H 2  Sin29 

2 

gyrofrequency a t  t h e  s a t e l l i t e ,  and 

plasma frequency a t  t h e  s a t e l l i t e .  
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The l o w e r  l i m i t  r^zS shown i n  e q u a t i o n ( A - 2 8 ) i s  t h e  Z 

mode e x i t  f r e q u e n c y  a t  t h e  s a t e l l i t e ,  i . e .  t h e  Z mode r e -  

f l e c t i o n  c o n d i t i o n  a t  t h e  s a t e l l i t e .  The f o r m u l a  f o r  f z S  
i s  d e r i v e d  f r o m  t h e  c o n d i t i o n  X = l + Y  a t  t h e  s a t e l l i t e .  I n  

o r d e r  t o  be s e e n  on a n  A l o u e t t e  I1 ionogram t h e  f r e q u e n c y  
f z S  m u s t  b e  g r e a t e r  t h a n  0 . 2  MHz, i . e .  

f H  ,/4fN2 + f H 2  > 0 . 2  - z + z  
T h i s  y i e l d s  t h i s  c o n d i t i o n :  

f N 2  > 0.2fH + 0.04 (A-29) 

The u p p e r  l i m i t  f z I  ( f z ,  i n f i n i t y )  i s  t h e  f r e q u e n c y  a t  

which  t h e  p h a s e  i n d e x  a t  t h e  s a t e l l i t e  becomes i n f i n i t e  i n  t h e  
v e r t i c a l  d i r e c t i o n .  The f o r m u l a  f o r  f z I  i s  d e r i v e d  f r o m  t h e  
f o l l o w i n g  c o n d i t i o n  a t  t h e  s a t e l l i t e :  

2 
and Y < 1 l - Y  

2 x =  
l - Y L  

T h i s  c o n d i t i o n  on X y i e l d s  t w o p o s i t i v e  v a l u e s  o f  f z I ,  b u t  o n l y  one  
f o r  w h i c h  Y i s  l e s s  t h a n  u n i t y .  

If t h e  Z mode can p r o p a g a t e  downward, i t  w i l l  r e f l e c t  a t  

a l e v e l  w h e r e  t h e  plasma f r e q u e n c y  f p  i s  d e f i n e d  by: 

2 2 f p  = f Z  + fz fHR 

w h e r e  f H R  is  t h e  g y r o f r e q u e n c y  a t  t h e  r e f l e c t i o n  p o i n t .  To 
s i m p l i f y  t h e  d i s c u s s i o n ,  i t  w i l l  be assumed t h a t  f H R  = fHS.  

The maximum v a l u e  o f  f p  o c c u r s  when f z  = f z I  and  when f z I  i s  
i t s e l f  maximum, i . e .  when f z I  = f T .  
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Thus 

o r  

= f H 2  ( l + k +  G k )  2 
( f p ) m a x  

w h e r e  

k = f N 2 / f H 2 .  

( A - 3 0 )  

The maximum e l e c t r o n  d e n s i t y  r a t i o  r o v e r  which  Z mode e c h o e s  
c a n  be r e c e i v e d  a t  t h e  s a t e l l i t e  i s  t h e r e f o r e :  

( A - 3 1 )  
f N L  k 

f r o m  which it i s  r e a d i l y  s e e n  t h a t  r i s  maximum when k i s  m i n i -  
m u m .  T h e  minimum v a l u e  o f  k i s  d e t e r m i n e d  by e q u a t i o n  (A-29) 

which  can b e  w r i t t e n :  

k > ( 0 . 2  f H  + 0.04) / fH2 (A-32) 

Thus t h e  s m a l l e s t  v a l u e  of k c o r r e s p o n d s  t o  t h e  maximum v a l u e  
o f  fH. A t  500 k m  t h e  maximum v a l u e  o f  f H  i s  1 . 4  MHz, g i v i n g  
( f N ) , i n  = 0 . 5 6 5  MHz a n d  kmin = 0 . 1 6 . S u b s t i t u t i n g  i n t o  e q u a t i o n s  
( A - 3 0 )  and ( A - 3 1 )  y i e l d s  r = 14  and ( fp)max = 2 . 0 9  M H Z .  

Thus f o r  A l o u e t t e  I1 t h e  maximum e l e c t r o n  d e n s i t y  r a t i o  ( o v e r  
which  Z e c h o e s  c a n  be  r e c e i v e d  a t  t h e  s a t e l l i t e )  i s  a p p r o x i m a t e l y  
e q u a l  t o  14. This would o c c u r  when t h e  s a t e l l i t e  is a t  500 Lpa 

and a t  a l o c a t i o n  w h e r e  f H  = 1 . 4  MHz. A s i m i l a r  c a l c u l a t i o n  f o r  

A l o u e t t e  I (minimum f z S  = 0.5 MHz, maximum f H  = 1 . 2 )  y i e l d s  a 
maximum r a t i o  o f  4 . 8 .  I n  o r d e r  t o  h a v e  a Z t r a c e  c o r r e s p o n d i n g  
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t o  t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  f r o m  t h e  s a t e l l i t e  down 
t o  t h e  maximum of  t h e  F2 r e g i o n ,  t h e  r a t i o  of t h e  maximum den-  

s i t y  a t  hmaxF2 t o  t h e  d e n s i t y  a t  t h e  s a t e l l i t e  m u s t  be l e s s  

t h a n  14 f o r  A l o u e t t e  I1 a t  500 km a n d  l e s s  t h a n  4 . 8  f o r  A l o u e t t e  
I a t  1000 km. S i n c e  t h e  d e n s i t y  a t  1000 km is  t y p i c a l l y  o n e  

o r d e r  of m a g n i t u d e  s m a l l e r  t h a n  t h e  d e n s i t y  a t  hmaxF2 t h e  a b o v e  
r e q u i r e m e n t  c a n n o t  b e  m e t  w i t h  A l o u e t t e  I .  However ,  t h e  r e -  
q u i r e d  minimum r a t i o  i s  by n o  means p r o h i t i t i v e  when A l o u e t t e  
I1 i s  n e a r  i t s  p e r i g e e  of  500 km. The r e a l  r e s t r i c t i o n  i s  due 
t o  t h e  f a c t  t h a t  t h e  c r i t i c a l  f r e q u e n c y  ( f o F 2 )  of  t h e  F2 r e g i o n  
m u s t  be extremely low. F o r  t h e  example g i v e n  f o F 2  would h a v e  
t o  b e  l e s s  t h a n  2 . 0 9  MHz. The maximum p e r m i s s i b l e  v a l u e  o f  

f o F 2  c a n  be made somewhat l a r g e r  by  l e t t i n g  t h i s  r a t i o  r b e  
sma l l e r .  F o r  e x a m p l e ,  l e t t i n g  f N  = 1 . 5  MHz g i v e s  f p  = 2 . 6 6  

and r = 3.1. I t  i s  e s t i m a t e d  t h a t  t h e  r a t i o  r s h o u l d  be a t  

l e a s t  e q u a l  t o  3 ,  a n d  t h e r e f o r e  foF2 would h a v e  t o  be l e s s  t h a n  
2 . 6 6 .  Such low v a l u e s  o f  f o F 2  o c c u r  o n l y  a t  h i g h  m a g n e t i c  
l a t i t u d e s ,  where a l l o w a n c e  m u s t  be made f o r  t h e  f a c t  t h a t  YL 

i s  l a r g e ,  c a u s i n g  f z I  t o  b e  s i g n i f i c a n t l y  lower  t h a n  f T .  Hence ,  

t h e  u p p e r  l i m i t  o f  f o F 2  i s  p r o b a b l y  2 . 3  MHz. Maps showing 

t h e  wor ld-wide  d i s t r i b u t i o n  of foF2 i n d i c a t e  t h a t  s u c h  l o w  

v a l u e s  of foF2 a r e  most  l i k e l y  t o  o c c u r  i n  t h e  s o u t h e r n  h e m i s p h e r e  

a t  g e o g r a p h i c  l a t i t u d e s  g r e a t e r  t h a n  60 d e g r e e s  and d u r i n g  t h e  

months o f  J u n e ,  J u l y  o r  A u g u s t .  

T h u s ,  very s p e c i a l  c i r c u m s t a n c e s  h a v e  t o  b e  p o s t u l a t e d  

i n  o r d e r  f o r  t h e  Z t r a c e  t o  d e f i n e  c o m p l e t e l y  t h e  e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n  f rom t h e  s a t e l l i t e  down t o  t h e  maximum 

of  t h e  F2 r e g i o n .  A l t h o u g h ,  i n  g e n e r a l  t h e  Z t r a c e  d o e s  n o t  
e x t e n d  a l l  t h e  w a y  down t o  hmaxF2, i t  i s  somet imes  p o s s i b l e  

f o r  t h e  Z t r a c e  t o  d e f i n e  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  o v e r  

a l a r g e  a l t i t u d e  r a n g e .  F o r  e x a m p l e ,  when A l o u e t t e  '11 i s  a t  
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2000 km, w h e r e  F'HS i s  t y p i c a l l y  0 .56 ,  t h e  p o r t i o n  o f  t h e  
e l e c t r o n  d e n s i t y  p r o f i l e  w h i c h  c a n  be d e f i n e d  by t h e  Z 

t r a c e  i s  u s u a l l y  l e s s  t h a n  5 t o  1 i n  terms o f  e l e c t r o n  
d e n s i t y  r a t i o ,  h o w e v e r ,  i n  terms of  a l t i t u d e  r a n g e  i t  c o u l d  

e x t e n d  f r o m  2000 km down t o  1000 km. 
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f r o m  w h i c h  i t  i s  r e a d i l y  s e e n  t h a t :  

fT2  = f N  + f H  2 2 

I t  i s  s i m i l a r l y  shown t h a t :  

f x = + -  f H  + +'4fN2 + fH2 , 2 

and t h a t :  

i 2 f z  = - + -:- * 4 f N 2  + f l I  

A n o t h e r  u s e f u l  r e l a t i o n  f o l l o w i n g  f r o m  Eq. ( B - 1 )  and (B-2) i s :  

f x  - f z  = f H  03-3) 

2 .  I d e n t i f i c a t i o n  of F e a t u r e s  on T o p s i d e  I o n o g r a m s  
The f r e q u e n c i e s  l i s t e d  i n  T a b l e  B-1  can be r e p r e s e n t e d  

g r a p h i c a l l y  ( F i t z e n r e i t e r  a n d  B l u m l e ,  1 9 6 4 )  by n o r m a l i z i n g  t h e  
c o o r d i n a t e s  t o  f H  a s  shown i n  t h e  l o w e r  h a l f  o f  F i g .  B-1. T h i s  

g r a p h  r e v e a l s  a number o f  i n t e r e s t i n g  f a c t s .  F o r  e x a m p l e ,  t h e  
f o l l o w i n g  r e l a t i o n  i s  a l w a y s  t r u e :  

f z  < f N  < f T  < fx  ( B-4 1 
The s e q u e n c e  r e v e a l e d  i n  E q u a t i o n  (B-4) i s  a f ixed  p a t t e r n .  
The second h a r m o n i c  of f T ,  which i s  s o m e t i m e s  s een ,  w a s  n o t  

shown on F i g .  B-1. Whenever 2fT i s  p r e s e n t ,  it. i s  a l w a y s  much 

g r e a t e r  t h a n  f x  and t h e r e f o r e  i t  w i l l  n o t  be c o n s i d e r e d  i n  
t h e  d i s c u s s i o n  of p a t t e r n  i d e n t i f i c a t i o n .  S u p e r i m p o s e d  upon 

t h e  f i x e d  p a t t e r n  i s  t h e  g y r o f r e q u e n c y  and  i t s  h a r m o n i c s .  I t  
i s  s e e n  f rom F i g .  B-1  t h a t  t h e  p o s i t i o n  o f  f H  a n d  nfH w i t h  

r e s p e c t  t o  t h e  s e q u e n c e  shown i n  E q u a t i o n  (B-4) ,  d e p e n d s  upon 
t h e  r a t i o n  f N / f H .  F o r  e x a m p l e ,  i f  t h i s  r a t i o  i s  l e s s  t h a n  
u n i t y ,  t h e  s e q u e n c e  i s  a s  f o l l o w s :  

f z  < f N  < f H  c f T  e fx  < 2fH 

T h i s  s e q u e n c e  w i l l  be r e f e r r e d  t o  a s  p a t t e r n  1. When t h e  r a t i o  
o f  f N / f H  i s  e q u a l  t o  u n i t y  f H  and  f N  o b v i o u s l y  o c c u r  a t  t h e  



B- 3 

same f r e q u e n c y .  T h i s  w i l l  be c a l l e d  p a t t e r n  2 .  A s  t h e  f N / f H  
r a t i o  c o q t i n u e s  t o  i n c r e a s e ,  f H  w i l l  be n e x t  be tween f z  a n d  f N  

( p a t t e r n  3 ) ,  a n d  t h e n  e q u a l  t o  f z  ( p a t t e r n  4 ) .  When f H  i s  e q u a l  

t o  f z ,  2fH i s  e q u a l  t o  fx .  F u r t h e r  i n c r e a s e s  i n  t h e  r a t i o  f N / f H  

w i l l  cause  2fH t o  move t h r o u g h  f T ,  f N  and  f z ,  g e n e r a t i n g  h i g h e r  
o r d e r  p a t t e r n s .  The f i rs t  8 of these p a t t e r n s  i s  i l l u s t r a t e d  

s c h e m a t i c a l l y  i n  F i g .  B-2. 
F o r  t h e  ionogram shown i n  t h e  u p p e r  p o r t i o n  o f  F i g .  B-1 ,  

t h e  r a t i o  o f  f N / f H  a t  t h e  s a t e l l i t e  i s  e q u a l  t o  1 . 1 7 .  

s e q u e n c e  would t h e n  c o r r e s p o n d  t o  t h e  v e r t i c a l  d a s h e d  drawn f o r  
a n  a b s c i s s a  o f  1 . 1 7 ,  g i v i n g :  

The 

f z  < f H  C f N  < f T  c f x  < 2fH,  

which  i s  i n d e e d  what  i s  s e e n  on the ionogram.  The a c t u a l  

i d e n t i f i c a t i o n  o f  t h e s e  c h a r a c t e r i s t i c  f r e q u e n c i e s  i s  r e l a t i v e l y  

e a s y  on t h e  ionogram shown, s i n c e  f x S  and f z S  a r e  c l e a r l y  s e e n  

The o t h e r  f r e q u e n c i e s  a r e  t h e n  r e a d i l y  o b t a i n e d .  
E q u a t i o n  ( B - 3 )  y i e l d s :  

f H  = fxS - f z S  

Combining E q u a t i o n s  ( 2 )  a n d  ( 3 )  y i e l d s :  

f N  = 4. I------ f x S (  fxS-fH) 

and  f i n a l l y  

I 2  2 f T  = * f N  + f H  

Other  f e a t u r e s  w h i c h  c a n  be s e e n  on t h e  ionogram o f  F i g .  13-1 

a r e  the  e a r t h  e c h o e s  f o r  t h e  (0) a n d  ( x )  w a v e s .  A t  f r e q u e n c i e s  
g r e a t e r  t h a n  t h e  c r i t i c a l  f r e q u e n c y  o f  t h e  F2 r e g i o n ,  t h e  s a t e l -  

l i t e  s o u n d i n g s  c a n  p e n e t r a t e  down t o  t h e  e a r t h .  A l t h o u g h  t h e s e  
s o u n d i n g s  s t i l l  e x p e r i e n c e  some r e t a r d a t i o n  i n  t he  i o n o s p h e r e ,  

t h i s  e f f e c t  d e c r e a s e s  w i t h  f r e q u e n c y ,  a n d  a t  t h e  h i g h - f r e q u e n c y  
e n d  o f  t he  e a r t h  e c h o e s  t he  a p p a r e n t  r a n g e  i s  o n l y  s l i g h t l y  

g r e a t e r  t h a n  t h e  s a t e l l i t e  a l t i t u d e .  One s h o u l d  a l s o  n o t e  on 
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on t h e  ionogram o f  F i g .  B-1 t h e  s u r p r i s i n g l y  l o n g  a p p a r e n t  
r a n g e s  a t  t h e  h i g h - f r e q u e n c y  end of the  z t r a c e .  Th i s  i s  d u e  
t o  t h e  f a c t  t h a t  t h e  z t r a c e  r e t a r d a t i o n  becomes i n f i n i t e  f o r  
a f r e q u e n c y  f z I  ( f z  " i n f i n i t y " )  c o r r e s p o n d i n g  t o :  

2 2 x = ( l - Y  ) / ( l - Y L  ) 

3 .  S c a l i n g  f x S  

F o r  r o u t i n e  N-h  a n a l y s i s ,  the  e x t r a o r d i n a r y  t r a c e  i s  u s u a l l y  
t h e  o n l y  d a t a  w h i c h  i s  s c a l e d  on a t o p s i d e  ionogram.  T h i s  t r a c e  

i s  e a s i l y  r e c o g n i z e d .  If t h e  e x i t  p o i n t  f x S  i s  c l e a r l y  seen 
and  i f  f x S  i s  a t  l e a s t  0 .5  MHz g r e a t e r  t h a n  f H ,  i t  i s  u s u a l l y  

n o t  n e c e s s a r y  t o  i d e n t i f y  o t h e r  f e a t u r e s  such a s  f H ,  f N  o r  f T .  
However ,  t he  e x i t  p o i n t  fxS i s  somet imes  d i f f i c u l t  t o  r e a d  
a c c u r a t e l y  d u e  e i t h e r  t o  a s p r e a d i n g  of  t h e  x t r a c e  o r  t o  a n e a r b y  
r e s o n a n c e  masking  t h e  p r e c i s e  p o s i t i o n  of  f x S .  I n  s u c h  c a s e s ,  

(and  a l s o  when t h e v a l u e  o f  f x S  i s  c l o s e  t o  t h a t  of fH) i t  i s  
d e s i r a b l e  t o  l o c a t e  t h e r e s o n a n c e s  and t o  compute  f x S ,  making  

u s e  of  t h e  r e s o n a n c e  d a t a .  To a v o i d  t h e  n u m e r i c a l  c a l c u l a t i o n s ,  

wh ich  would s l o w  down t h e  s c a l i n g  p r o c e d u r e ,  t h e  i d e n t i f i c a t i o n  
i s  per formed a t  GSFC w i t h  t h e  a i d  o f  t a b u l a t e d  d a t a  ( f x S  t a b l e s ) .  
The t a b l e s  p r o v i d e  f N ,  f z  and  f T  a s  a f u n c t i o n  o f  f H  ( v a r y i n g  
from 0 . 2 0  MHz t o  1.4OMKz i n  0.01 MHz s t e p s )  and  a s  a f u n c t i o n  
of  f x S  ( v a r y i n g  f rom f H  + 0.02 MHz t o  f H  + 2 - 8 1  MHz i n  0.01 MHz 
s t e p s ) .  A t y p i c a l  page of t h e  f x S  t a b l e s  i s  shown i n  F i g .  B-3. 
The page  was s e l e c t e d  f o r  f H  = 0.95 MKz t o  r e p r e s e n t  t h e  g y r o -  

f r e q u e n c y  c o r r e s p o n d i n g  t o  t h e  ionograrn of  F i g .  B-1.  F o r  t h i s  
ionograrn fxS is e q u a l  t o  1 . 6 8  MHz, h e n c e  i t  is  r e a d i l y  s e e n  f rom 

the  t a b l e s  t h a t  f N  = 1.11, f z S  = 0.73 and  f T  = 1 . 4 6  MHz. The 

l a s t  e n t r y  i n  t h e  t a b l e  is  t h e  p a t t e r n  number,  which i n d i c a t e s  

t h e  ionograrn of F i g .  B-1 f o l l o w s  p a t t e r n  3 ,  n a m e l y :  

f z  < f H  < f N  < f T  < fxS < 2fH 

To f a c i l i t a t e  f u r t h e r  t h e  i d e n t i f i c a t i o n  of  f e a t u r e s  on t h e  
ionograrn,  a n o t h e r  t a b l e  i s  u s e d  which g i v e s  f H  a t  t h e  s a t e l l i t e  
a s  a f u n c t i o n  of  d a t e  and  u n i v e r s a l  t i m e .  T h i s  f H  t a b l e  i s  
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c o m p i l e d  f r o m  an o r b i t  program and a m a g n e t i c  f i e l d  program.  

Hence t h e  f H  t a b l e  g i v e s  i m m e d i a t e l y  t h e  c o r r e c t  v a l u e  o f  g y r o -  

f r e q u e n c y  f o r  t h e  ionogram b e i n g  s c a l e d ,  wh ich  o f  c o u r s e  s p e c i -  

f i e s  which  page  s h o u l d  b e  u s e d  i n  t h e  f x S  t a b l e s .  I n c i d e n t a l l y ,  
even  i f  t h e  m a g n e t i c  f i e l d  program y i e l d s  a s l i g h t i y  i n c o r r e c t  

v a l u e  o f  f H ,  t h e  d e t e r m i n a t i o n  of f x S  i n  terms o f  t h i s  f H  a n d  

o f  t h e  a c t u a l  f N  w i l l  y i e l d  t h e  c o r r e c t  d e n s i t y  a t  t h e  s a t e l l i t e ,  

s i n c e  t h e  same m a g n e t i c  f i e l d  program ( a n d  h e n c e  t h e  same f H )  
i s  used  i n  t h e  N-h a n a l y s i s .  

The main u s e  o f  t h e s e  t a b l e s  i s  t o  improve  t h e  a c c u r a c y  

o f  t h e  f x S  s c a l i n g ,  p a r t i c u l a r l y  when t h e  l o c a l  d e n s i t i e s  a r e  

low ( N  c l o 4  e l / c c ) .  

t i m e  o f  t h e  ionogram,  f i n d  t h e  a p p r o p r i a t e  f H  f rom t h e  f H  t a b l e s ,  
r e a d  f x S  on t h e  ionogram,  f i n d  i n  t h e  fxS t a b l e  t h e  c o r r e s p o n d -  
i n g  f N ,  c h e c k  f N  on t h e  ionogram and  c o r r e c t  i t s  v a l u e  i f  n e c e s -  
s a r y ,  a n d  f i n a l l y  r e a d  i n  t h e  fxS t a b l e s  t h e  c o r r e c t  f x S  c o r r e -  
s p o n d i n g  t o  t h e  a c t u a l  fN. S i n c e  ionograms  a r e  u s u a l l y  s c a l e d  

i n  s e q u e n c e ,  t h e  d a t a  f o r  t h e  n e x t  ionogram i s  u s u a l l y  found 

e i t h e r  on t h e  same pages  of t h e  t a b l e s  ( a s  w e r e  u s e d  f o r  t h e  

p r e v i o u s  ionogram)  o r  on a d j a c e n t  p a g e s .  The e n t i r e  p r o c e d u r e  

r e q u i r e s  u s u a l l y  l e s s  t h a n  one m i n u t e  of t i m e  p e r  i onogram on 

t h e  p a r t  o f  the  ionogram s c a l i n g  t e c h n i c i a n .  The f i r s t  iono-  

gram o f  a s e q u e n c e  u s u a l l y  t a k e s  a l i t t l e  l o n g e r ,  s i n c e  it i s  

a d v i s a b l e  t o  c h e c k  it more t h o r o u g h l y  and make s u r e  t h a t  t h e  

i d e n t i f i c a t i o n  o f  f N  i s  c o n s i s t e n t  w i t h  t h e  o t h e r  r e s o n a n c e s .  

S i n c e  t h e  p a t t e r n  c h a n g e s  s l o w l y  f r o m  one ionogram t o  t h e  next ,  
t h e  o p e r a t o r  can  u s u a l l y  r e c o g n i z e  i m m e d i a t e l y  t h e  r e s o n a n c e s  

on t h e  next ionogram,  and  proceed  much more r a p i d l y  w i t h  t h e  

The p r o c e d u r e  i s  t o  r e a d  t h e  d a t e  and 

p r e c i s e  s c a l i n g  o f  t h e  n e x t  f x S .  The p r o c e d u r e  w i l l  o f  c o u r s e  
f a i l  w i t h  A l o u e t t e  I1 r e c o r d s  if f N  i s  l e s s  t h a n  t h e  minimum 

t r a n s m i t t e r  f r e q u e n c y  (0.2mz). 
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4 .  S e l e c t i o n  of Data  P o i n t s  

A c r i t e r i o n  f o r  t h e  s e l e c t i o n  of h'-f v a l u e s  (from 
t h e  ex t r ao rd ina ry  t r a c e )  t o  be used i n  t h e  a n a l y s i s  of ionograms 
w a s  developed e m p i r i c a l l y  a t  GSFC, based  upon expe r i ence  
w i t h  t h e  s c a l i n g  of A loue t t e  I1 ionograms. The c r i t e r i o n  
can be used as a guide  f o r  manual s c a l i n g .  However, it w a s  
prepared p r i m a r i l y  f o r  t h e  purpose of s e l e c t i n g  from t h e  

au tomat ica l ly-sca led  h'-f  v a l u e s  ( roughly 200 p o i n t s  p e r  
ionogram), t h e  h '-f  d a t a  which would be f e d  t o  t h e  computer 
(roughly 20 t o  30 p o i n t s  pe r  ionogram.) The t es t  is there- 

f o r e  p a r t  of t h e  e d i t i n g  p rocess  which is programmed between 
t h e  s c a l e r  ou tput  and t h e  computer i n p u t .  The minimum fre- 
quency spacing cor responds  t o  approximately 0 .2  inch  on t h e  
viewer of t h e  scaler .  

The f i r s t  d a t a  p o i n t  is t h e  e x i t  f requency of  t h e  e x t r a -  
o rd ina ry  r a y .  The o t h e r  p o i n t s  are t aken  i n  t h e  fo l lowing  
manner : 

a )  t h e  next  
b) t h e  next  
c )  t h e  next  
d )  t h e  next  

p o i n t s  a t  Q.02 M c  i n t e r v a l s ,  
p o i n t s  a t  0.05 Mc i n t e r v a l s ,  
p o i n t s  a t  0.10 Mc i n t e r v a l s ,  
p o i n t s  a t  0.20 Mc i n t e r v a l s ,  

e )  t h e  r ema-nag  p o i n t s  a t  0.50 M c  i n t e r v a l s .  T h i s  
w i l l  d e f i n e  t h e  e n t i r e  ionogram, excep t  f o r  t h e  
cusp  a t  t h e  p e n e t r a t i o n  f requency .  The remainder of 
t h e  procedure is f o r  t h e  purpose of d e f i n i n g  t h i s  cusp .  
I f  t h e  v i r t u a l  h e i g h t s  f o r  t h e  l a s t  two p o i n t s  ( f n  - 1, 

and f n ,  hn) o b t a i n e d  by t h e  above procedure hn- 1 
d i f f e r  by more t h a n  100 k m ,  t a k e  one a d d i t i o n a l  
p o i n t  a t  a frequency ( f n  l + f n ) / 2 .  
come t h e  n- p o i n t  and the  p rev ious  n- w i l l  become 

f) 

T h i s  w i l l  be- 
t h  

- 
t h  
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t h  t h e  (n + 1)- p o i n t .  Regardless  of w h e t h e r  or 
no t  t h i s  a d d i t i o n a l  po in t  is i n s e r t e d ,  proceed w i t h  

t h e  next  s t e p .  
The l a s t  d a t a  p o i n t  t o  be kept  w i l l  be s c a l e d  p o i n t  
cor responding  t o  t h e  maximum scaled frequency ( for  

an  ideal  case t h i s  would be t h e  c r i t i c a l  f requency:  
f max). Compare t h i s  last  p o i n t  w i t h  t h e  l a s t  po in t  
ob ta ined  under  s t e p  f ) .  I f  t h e  v i r t u a l  h e i g h t s  
d i f f e r  by more t h a n  100 k m ,  i n s e r t  one a d d i t i o n a l  
p o i n t  a t  t h e  midpoint (frequency-wise).  

The use  of t h i s  c r i t e r i o n  is  i l l u s t r a t e d  w i t h  r e f e r e n c e  
t o  t h e  e l e c t r o n  d e n s i t y  model used i n  s e c t i o n  I V  of t h i s  

r e p o r t .  The Bauer t o p s i d e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  used 
is  shown i n  f i g .  B-4 and t h e  corresponding e x t r a o r d i n a r y  
ionograms are shown i n  f i g .  B-5 and B-6. The h ' - f  d a t a  
p o i n t s  shown i n  f i g .  B-5 and B-6 were ob ta ined  by us ing  t h e  

above c r i t e r i o n  f o r  t h e  s e l e c t i o n  of da ta  p o i n t s .  The 

corresponding N-h p o i n t s  are shown on f i g .  B-4. I t  is seen  
t h a t  t h e  c r i t e r i o n  cor responds  t o  a f a i r l y  good cho ice  of 
l a m i n a t i o n s  f o r  t h e  a c t u a l  p r o f i l e ,  or e q u i v a l e n t l y  t o  a 
f a i r l y  good d i s t r i b u t i o n  of N-h v a l u e s  on t h e  a c t u a l  p r o f i l e .  

The d e n s i t y  r a t i o s  w i t h i n  a l amina t ion  depend upon 
fH,  f x S  and t h e  s e l e c t i o n  sequence. Typ ica l  d e n s i t y  r a t i o s  
for t h e  success ive  l amina t ions  (as  o b t a i n e d  by t h e  GSFC data 
po in t  s e l e c t i o n )  are shown i n  Fig. B-7 .  It is seen  t h a t  t h e  
maximum ra t io  is  less t h a n  1 .6 .  I n  f a c t ,  most of t h e  d e n s i t y  
ra t ios  are less t h a n  1 . 4 .  The importance of having a s m a l l  
d e n s i t y  r a t i o  w i t h i n  t h e  lamina t ion  is  d i s c u s s e d  i n  Appendix C 
where it is  shown t h a t  t h e  e r r o r  i n  t h e  group he igh t  cal- 
c u l a t i o n s  i n c r e a s e  r a p i d l y  wi th  t h e  va lue  of t h i s  d e n s i t y  r a t i o .  
However, i f  t h e  d e n s i t y  r a t i o  does n o t  exceed 1 . 6 ,  t h e n  t h e  

e r r o r s  i n  group he igh t  c a l c u l a t i o n s  are t y p i c a l l y  l ess  than  
1 p a r t  i n  10,000,  which is completely n e g l i g i b l e  compared t o  
s c a l i n g  i n a c c u r a c i e s .  
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5. Date and Time I d e n t i f i c a t i o n  of Topside Ionograms 
Ionograms ob ta ined  w i t h  ground-based sounders  are normally 

f i lmed  at  t h e  t i m e  when t h e  ionosphe r i c  soundings are t aken .  
Consequently t h e  format f o r  a p a r t i c u l a r  ionogram is  e s t a b l i s h e d  
a t  t h a t  t i m e .  Topside ionograms are n o t  produced a t  t h e  t i m e  
of data  a c q u i s i t i o n ,  b u t  ins tead  they  are d e r i v e d  a t  a l a t e r  
d a t e  from t a p e  r eco rd ings  of t h e  t e l eme te red  t o p s i d e  sounder  
A-scans. Furthermore s i n c e  t h e  t a p e s  are p rese rved  a f t e r  
t h e  ionograms are f i l m e d ,  i t  is p o s s i b l e  t o  r e - f i lm  t o p s i d e  
ionograms many years  l a t e r  us ing  improved d a t a  p rocess ing  
techniques .  Since t h e  number of a v a i l a b l e  t o p s i d e  ionograms 
i s  w e l l  i n  excess  of l o 6 ,  re - f i lming  a l l  t h e s e  ionograms would 
be a very expensive and t i m e  consuming procedure .  I t  w a s  
t h e r e f o r e  decided t h a t  m o d i f i c a t i o n s  which d i d  not  change t h e  
i n h e r e n t  q u a l i t y  of ionograms, bu t  m e r e l y  r e s u l t e d  i n  improved 
f o r m a t s ,  would no t  j u s t i f y  t h e  re -process ing  and replacement 
of o l d  tops ide  ionograms. However t h e s e  m o d i f i c a t i o n s  w e r e  
incorpora ted  i n  subsequent ionograms. A s  a r e s u l t  of t h i s  
p o l i c y ,  t h e r e  are  a t  l eas t  3 d i f f e r e n t  fo rma t s  f o r  t h e  top-  
s i d e  ionograms depos i t ed  i n  d a t a  c e n t e r s ,  t h e  d i f f e r e n c e  be ing  
p r imar i ly  i n  t h e  method used f o r  provid ing  d a t e  and t i m e  
i d e n t i f i c a t i o n .  

a )  A d o t  code w a s  used  i n  t h e  e a r l y  A loue t t e  I ionograms 
produced by DRTE (Defence Research Telecommunications 
Es tab l i shment ,  O t t a w a ,  Canada). The decimal  d i g i t s  
appearing i n  t h e  ionogram i d e n t i f i c a t i o n  are g iven  i n  
a b ina ry  code ( s e e  F igu re  B - 8 ) .  The t i m e  (Greenwich 
Mean Time) p r i n t e d  on t h e  r i g h t  hand s i d e  of t h e  ionogram 
(07/31/28) is measured 15 seconds a f t e r  t h e  2MHz 
frequency marker.  When ionograms are consecu t ive  
they are 18 seconds a p a r t .  Hence for consecu t ive  
ionograms, t h e  t i m e  shown t o  t h e  l e f t  of t h e  ionogram 
(07/31/10) is 3 seconds ea r l i e r  t h a n  t h e  2MHz marker.  
The A loue t t e  I ionograms processed by DRTE p r i o r  t o  
J u l y  1965 used t h e  DRTE Code fo r  i d e n t i f i c a t i o n  of t h e  
te lemet ry  s t a t i o n  used t o  o b t a i n  t h e  tops ide  sounder 
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d a t a .  A S i n g l e  l i n e  w a s  used on t h e  d o t  code f o r  
s t a t i o n  i d e n t i f i c a t i o n .  Thus, Woomera ( s t a t i o n  12 i n  
DRTE code) w a s  w r i t t e n  a s  4 and 8 one l i n e .  The 
NASA s t a t i o n  code number w a s  used on t o p s i d e  ionograms 
processed  a f t e r  Ju ly  1965. 

To r e a d  t h e  d o t  code it is  necessary t o  know t h e  
p o s i t i o n  of t h e  u n i t  d o t s  ( r i g h t  or l e f t  of 

ident . i f  i c a t i o n  b l o c k ) .  Furthermore i f  e i t h e r  t h e  
8 or t h e  1 column is  not  r equ i r ed  f o r  t h e  ionogram 
i d e n t i f i c a t i o n  (such as 1962, day 006,  08 h r . ,  42 min . ,  
06 s ec . ,  s t a t i o n  8) t h e  "2" column could  be i n t e r p r e t e d  
as a "1" column, assuming t h a t  t h e  "8" column w a s  
mi s s ing .  

b)  To prevent  t h e s e  a m b i g u i t i e s ,  t h e  d o t s  w e r e  subsequent ly  
r ep laced  by numbers. One l i n e  w a s  added f o r  t h e  
s a t e l l i t e  i d e n t i f i c a t i o n  and t w o  l i n e s  were provided 
f o r  t h e  t e l e m e t r y  s t a t i o n  i d e n t i f i c a t i o n .  Thus 
A l o u e t t e  I ,  1964, day 296, 23 h r . ,  36 min . ,  40 sec. ,  
s t a t i o n  7 (DRTE code f o r  Quito) would be a b b r e v i a t e d :  
1/4/296/23/36/40/07 and w r i t t e n :  

1 1 1 1  1 

2 2 2 2 2 2  2 
4 4 4 4  4 

8 

c )  The b inary  r e p r e s e n t a t i o n  of d i g i t s  w a s  e l i m i n a t e d  wi th  
t h e  nex t  improvement i n  format .  T h i s  format  w a s  in-  
t roduced  w i t h  t h e  A l o u e t t e  I1 ionograms (See F i g .  B - 1 ) .  

The i d e n t i f i c a t i o n  i s  provided a t  t h e  bottom of t h e  
ionograms, n e a r  t h e  c e n t e r ,  u s ing  a decimal  code.  Thus 
A l o u e t t e  1 1 ,  O t t a w a  (NASA code 501, 1956,  day 37 ,  17 h r . ,  
02 m i n . ,  30 sec. ,  would be  wr i t t en :  

20 50 66 037 1702 33 
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Dots a re  used a t  t h e  bottom of t h e  ionogram t o  i n d i c a t e  
t h e  success ive  seconds  Of t i m e ,  a double  d o t  be ing  
used every 5 seconds .  The p r i n t e d  t i m e  17/02/30 
cor responds  t o  t h e  d o t  nearest  t o  t h e  beginning  of t h e  
i d e n t i f i c a t i o n .  I n  t h e  above example t h e r e  would be  
a double  d o t  above t h e  i n i t i a l  number 2 ,  s i n c e  t h e  
i n d i c a t e d  second (30) is a m u l t i p l e  of 5 .  

6. Frequency and Height Markers 
On A l o u e t t e  I t h e  frequency range  e x t e n d s  from 0 . 5  MHz t o  

11.5 MHz.  The frequency is i n c r e a s e d  almost l i n e a r l y  a t  a r a t e  
of lMhz/per second.  Frequency markers  are provided a t  1 MHz 
i n t e r v a l s ,  beginning  a t  0 . 5  MHz. These markers  are d e r i v e d  

f r o m  pu l se s  gene ra t ed  w i t h i n  t h e  sounder  and i n i t i a t e d  whenever 
t h e  swept f requency r eaches  one of t h e  r e f e r e n c e  f r e q u e n c i e s .  
The marker i s  not  synchronized w i t h  t h e  t r a n s m i t t e d  p u l s e ,  
i . e .  t h e  marker can s t a r t  anywhere du r ing  a g iven  p u l s e  p e r i o d .  
To i n s u r e  t h a t  t h e  frequency markers  w i l l  appear  a c r o s s  t h e  
e n t i r e  ionogram, t h e  d u r a t i o n  of t h e s e  markers  w e r e  made 
s l i g h t l y  longer  than  t h e  t r a n s m i t t e r  p u l s e  p e r i o d .  To assist 
i n  t h e  i d e n t i f i c a t i o n  of t h e s e  markers ,  a d d i t i o n a l  markers  were 
provided a t  2 .0  and 7.0 MHz. Furthermore t h e s e  two a d d i t i o n a l  
markers w e r e  made somewhat l onge r  i n  d u r a t i o n  and consequent ly  
on t h e  ionograms t h e  2.0 and t h e  7.0 MHz markers  are b roade r  
t h a n  t h e  other markers .  The t w o  a d d i t i o n a l  f requency markers  
reduce cons ide rab ly  t h e  u n c e r t a i n t y  which cou ld  e x i s t  on 
ionograms when t h e  markers  are n o t  too c lear ,  due t o  n o i s e  or 
plasma resonances ,  or when a marker is mis s ing  (For example 
t h e  0 . 5  MHz is o f t e n  miss ing  on ionograms) .  The s t a n d a r d  
v i r t u a l  h e i g h t  scale is 1500 km. w i t h  h e i g h t  markers  a t  e v e r y  
100 km., zero h e i g h t  be ing  t h e  l e a d i n g  edge of t h e  t r a n s m i t t e d  
p u l s e .  Hence  v i r t u a l  h e i g h t s  must b e  s c a l e d  a t  t h e  l e a d i n g  
edge of t h e  echo.  

For Aloue t t e  I1 (see F i g .  B-1)  t h e  f requency  range e x t e n d s  
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from 0.12MHz t o  14MHz. A l i n e a r  sweep w i t h  a rate of 0.125MHz 
per second is u s e d  below 2.0MHz and a l i n e a r  sweep w i t h  a rate 
of 1.OMHz p e r  second is  used above 2.0MHz. The ionograms are  
32 seconds a p a r t .  The frequency markers provided below 2.0MHz 
are i n d i c a t e d  i n  F i g .  B-5 and B-6. Above 2.0MHz t h e  frequency 
markers  are  t h e  same a s  on Alouet te  I ,  except  t h a t  a d d i t i o n a l  
markers  are provided a t  1 2 . 5  and 13.5 MHz. The s t a n d a r d  v i r t u a l  
h e i g h t  scale is 4600 km wi th  he ight  markers  every 200 km. 
Darker h e i g h t  markers are  provided a t  1000, 2000, 3000 and 
4000 km. Sometimes (when t h e  Aloue t t e  I 1  ionograms w e r e  ob- 
t a i n e d  a t  a l t i t u d e s  comparable t o  or less t h a n  t h e  Aloue t t e  I 

a l t i t u d e s )  a 2000 km h e i g h t  scale  is used wi th  h e i g h t  markers  
every  100 km. T h i s  format  is i l l u s t r a t e d  i n  F i g .  B-1. 
7 .  P u l s e  C h a r a c t e r i s t i c s  

The t o p s i d e  sounder t r a n s m i t s  pu l sed  r-f  s i g n a l s .  Rec tangular  
p u l s e s ,  100 microsecond i n  d u r a t i o n ,  are  used on bo th  A l o u e t t e  I 

and A l o u e t t e  1 1 .  The p u l s e  r e p e t i t i o n  r a t e  is 67 H z  on A l o u e t t e  I 

and 30 Hz on Aloue t t e  11. Thus t h e  spac ing  between p u l s e s  is  

a t  least  150 t i m e s  g r e a t e r  t h a n  t h e  p u l s e  width (w). - 
absence of p u l s e  broadening (due t o  e i t h e r  t h e  r e c e i v e r  o r  t h e  
ionosphere)  t h e  cor responding  ionogram trace should have a wid th  
e q u i v a l e n t  t o  15 km. 

a t  t h e  carrier frequency f .  The envelope of t h e  spectrum h a s  an 
ampl i tude  S(Af) g iven  by: 

I n  t h e  

The t r a n s m i t t e d  r-f p u l s e  has  a frequency spectrum c e n t e r e d  

where A. = ampl i tude  of spectrum a t  t h e  car r ie r  frequency ( f o r  
a s i n g l e  impulse) .  The f u n c t i o n  S ( a f )  is e q u a l  t o  A, when 
Af=O, and it has  zero ampl i tude  when (Af)w = - + k ,  where k i s  
an i n t e g e r .  S ince  w = 10 , t h e s e  n u l l s  occur  a t  m u l t i p l e s  
of 10 kHz. The subsequent peaks i n  t h e  spectrum 

occur  approximately half-way between t h e s e  n u l l s  w i th  ampl i tudes  

-4 
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Ao/n(Af)w. 
r e c e i v e r  i n  o r d e r  t o  reproduce such a p u l s e ,  w i thou t  exces- 
s i v e  broadening. The minimum bandwidth is u s u a l l y  cons ide red  
t o  be 2/w ( i . e .  20 kHz f o r  a 100 microsecond p u l s e ) .  With 
t h i s  bandwidth t h e  r e c e i v e d  p u l s e  is almost t r i a n g u l a r  i n  
shape,  t h e  base  of t h e  t r i a n g l e  having  a wid th  of about 170 
microseconds. With t h e  bandwidth used i n  t h e  t o p s i d e  sounder 
(33 k c  i n  Aloue t t e  I and 37 kc i n  A l o u e t t e  11) t h e  p u l s e  
shape is  more n e a r l y  t r a p e z o i d a l  and t h e  p u l s e  broadening is 
less t h a n  40 percen t  ( i . e .  t h e  width of t h e  ionogram t r a c e  
would a t  most be 20 km). 

S u f f i c i e n t  bandwidth must be provided i n  t h e  

When a radio-frequency p u l s e  is t r a n s m i t t e d  through t h e  
ionosphere,  t h e  v a r i o u s  p o r t i o n s  of i ts  r - f  spectrum a r e  
delayed accord ing  t o  t h e i r  a c t u a l  f r e q u e n c i e s .  In  a r e g i o n  
where t h e  v i r t u a l  range i n c r e a s e s  r a p i d l y  w i t h  f requency  t h i s  
l e a d s  no t  on ly  t o  a c o n s i d e r a b l e  broadening of t h e  r e c e i v e d  
echoes,  b u t  a l s o  i n  some c a s e s  t o  s i d e  r e sponses  i n  t h e  
Four ie r  spectrum appear ing  a s  s e p a r a t e  echoes.  These s e p a r a t e  
echoes a r e  p a r t i c u l a r l y  s t r o n g  on c e r t a i n  h igh  a l t i t u d e  
Aloue t t e  I1 ionograms. N e l m s ,  G. L.  ( p r i v a t e  communication) 
showed t h a t  i n  such c a s e s  t h e  r e c e i v e d  s i g n a l  c o n s i s t s  of 
f o u r  s e p a r a t e  components. An A-scan ( i . e .  a p r e s e n t a t i o n  
of echo ampli tudes vs t i m e  f o r  a s i n g l e  sounding p u l s e )  
r e v e a l s  f o u r  s e p a r a t e  components, cor responding  t o  t h e  main 
( c e n t e r )  spectrum, t h e  f i r s t  - two secondary peaks on the  
- low frequency s i d e ,  and t h e  f i r s t  secondary peak on t h e  
- h igh  frequency s i d e .  
t i o n  t h e  echoes produced by t h e  low f requency  s i d e  of the 

spectrum w i l l  normally expe r i ence  less  de lay  and appear  
above t h e  main t r a c e .  Consequent ly ,  on t h e  ionogram t h e  
t r a c e s  due t o  t h e  low f requency  s i d e  of t h e  spectrum w i l l  
seem t o  be on t h e  h igh  f requency  s i d e  of t h e  main t r a c e .  

On t h e  conven t iona l  ionogram p resen ta -  
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T h i s  asymmetry is due t o  t h e  f a c t  t h a t  t h e  center f requency  
of t h e  A l o u e t t e  I1 receiver i s  10 kHz lower than  t h e  
t r a n s m i t t e r  f requency.  N e l m s  a l s o  po in ted  o u t  t h a t  u n l e s s  
s p e c i a l  c a r e  is taken  du r ing  p rocess ing ,  t h e  s i d e  l o b e s  
may not  appear a s  s e p a r a t e  t r aces ,  b u t  i n s t e a d  t h e  t h r e e  
s i d e  r e sponses  and t h e  main echo appear a s  a s i n g l e  broad 
t r a c e .  I t  is t h e r e f o r e  important  t o  t a k e  t h i s  i n t o  cons i -  
d e r a t i o n  when h i g h  a l t i t u d e  Alouette I1 ionograms are 
s c a l e d .  
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ACCURACY O F  GROUP HE IGHT INTEGRAL CALCULATIONS 

APPENDIX C 

h 

h, 
The accuracy of t h e  e v a l u a t i o n  of 2n'dh r e q u i r e s  both 

a c c u r a t e  v a l u e s  of t h e  group index and a n l a c c u r a t e  i n t e g r a t i o n  
t echn ique .  The accuracy of t h e  n '  c a l c u l a t i o n s  can be checked 
a g a i n s t  Becke r ' s  t a b l e s  ( 1960 ),which have been found t o  
be q u i t e  r e l i a b l e .  The  i n t e g r a t i o n  technique  is c r i t i c a l  
only  f o r  t h e  l a s t  l amina t ion ,  i . e .  f o r  t h e  l amina t ion  which 
i n c l u d e s  t h e  r e f l e c t i o n  p o i n t  (where n '  becomes i n f i n i t e ) .  
Hence t h e  method of i n t e g r a t i o n  must be checked wi th  an  i n t e g r a l  
of t h e  form: 

I =  [ hR n'dh 
hR-A h 

where t h e  upper l i m i t  of i n t e g r a t i o n  hR is t h e  r e f l e c t i o n  
p o i n t .  The accuracy of t h e  i n t e g r a t i o n  technique  can be 
i n v e s t i g a t e d  i n  t w o  d i f f e r e n t  ways. One way is t o  perform 
t h e  numerical  i n t e g r a t i o n  s e v e r a l  t i m e s ,  each  t i m e  i n c r e a s i n g  
t h e  number of sampling p o i n t s  L. I f  t h e  r e s u l t s  become c o n s t a n t  
when L is g r e a t e r  t h a n  some number K ,  t h e n  K sampling p o i n t s  
y i e l d  an  a c c u r a t e  answer. To m i n i m i z e  computer t i m e  K 

should be as s m a l l  as p o s s i b l e .  Another method is t o  use  a s  
a b a s i s  f o r  comparison one of t h e  s p e c i a l  cases when t h e  
i n t e g r a t i o n  can be performed a n a l y t i c a l l y .  The t e s t  d i s c u s s e d  
h e r e  w a s  done u s i n g  t h e  n '  func t ion  f o r  t h e  e x t r a o r d i n a r y  
r a y ,  l o n g i t u d i n a l  propagat ion  and c o n s t a n t  Y .  Th i s  y i e l d s  
an  i n t e g r a l  which can  be eva lua ted  a n a l y t i c a l l y .  A l i n e a r  
i n  l o g  N l amina t ion  w a s  used ( see  Eq. 12) g i v i n g :  

j-1 h = h  + a .  
J 

( I n  N - I n  N j-1 

and 
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changing t o  t h e  v a r i a b l e  X i n  Eq. ( C - 1 )  g i v e s :  

1-Y 
E'dX X I = a .  J 

J 1-Y-e 

Since a is  o u t s i d e  of t h e  i n t e g r a l ,  it can  be assumed t o  be 
u n i t y  f o r  t h e  purpose of checking t h e  i n t e g r a t i o n  t echn ique .  
I n  t h i s  case n '  is g iven  by Equat ion (A-10) , which can  be 
w r i t t e n  

j 

l+bX n' = - 

-1 Y where a = l-y and b = 

2 ( 1 - Y p  

For any s p e c i f i e d  va lue  of Y ,  t h e  q u a n t i t i e s  - a and - b are 
c o n s t a n t s .  S u b s t i t u t i n g  n '  from Eq. (B-3) i n t o  Eq. (B-2) 
y i e l d s  : 

The recommended s u b s t i t u t i o n  f o r  t h e  numerical  e v a l u a t i o n  of 
Eq. (B-4) i s  t o  l e t :  

t2 = l-X/(l-Y) 

g i v i n g :  2 t d t  - dX/(l-Y) 

The i n t e g r a t i o n  l i m i t s  are: 

€ 
1 

t l  = (1 - -)Z 1-Y- 6 = * / -  1-Y 

and t2 = 0 

((2-3) 
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A f t e r  making t h e  above change i n  v a r i a b l e ,  and no t ing  t h a t  
f o r  t h i s  s p e c i a l  l o n g i t u d i n a l  c a s e  t=dl+aX, Eq.(B-4) becomes: 

e 
L d  l-y 2(1-Y) (r) l+bX d t  I =  [ 
0 

2 where : x = ( l - t  ) ( l -Y).  

The a n a l y t i c a l  s o l u t i o n  of Eq. (B-4)is: 

The numerical  and a n a l y t i c a l  i n t e g r a t i o n s  w e r e  c a r r i e d  ou t  
f o r  v a l u e s  of Y ranging  from 0 . 1 t o  0 . 9  ( f o r  r o u t i n e  a n a l y s i s  
Y w i l l  seldom exceed a va lue  of 0.90) and f o r  e l e c t r o n  d e n s i t y  
r a t i o s  (l-Y)/(l-Y-c) ranging from 1 . 0 1  t o  2 .0 .  The numerical  
i n t e g r a t i o n  w a s  performed wi th  t h e  i n d i c a t e d  change of v a r i a b l e  
us ing  a 3 po in t  Gaussian technique ,  and a l s o  wi thout  making a 
change of v a r i a b l e  wi th  a 7 poin t  and a 16 po in t  Gaussian 
t echn ique .  The c a l c u l a t i o n s  were done on a 7094 computer u s ing  
double-prec is ion  a r i t h m e t i c .  The e r r o r s  a r i s i n g  from t h e  
v a r i o u s  numerical  i n t e g r a t i o n  techniques  are shown i n  t a b l e  
C-1. I t  is seen  t h a t  t h e  e r r o r  is roughly cons t an t  and 
q u i t e  s u b s t a n t i a l  f o r  each Gaussian i n t e g r a t i o n  where no 
change i n  v a r i a b l e  w a s  made (4.7 t o  5.8 pe rcen t  w i th  t h e  7 
po in t  Gaussian and 2 .1  t o  2.6 percent  w i t h  t h e  16 p o i n t  Gauss ian) .  
Using t h e  GSFC d a t a  p o i n t  s e l e c t i o n  c r i t e r i o n ,  t h e  t y p i c a l  
d e n s i t y  i n c r e a s e  pe r  lamina t ion  is about  40 percent  and t h e  
maximum i n c r e a s e  is 60 pe rcen t .  Hence t h e  maximum e r r o r  ob- 
t a i n e d  us ing  t h e  3 p o i n t  Gaussian w i t h  change of v a r i a b l e  is 
less  t h a n  0.020. Thus t h i s  method is a t  least  two (and 
t y p i c a l l y  t h r e e  t o  f o u r )  o r d e r s  of magnitude more accurate 
than  t h e  16 p o i n t  Gaussian w i t h  no change i n  v a r i a b l e .  
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The remarkable improvement i n  accuracy which r e s u l t s  
from t h e  change i n  v a r i a b l e  is due t o  t h e  f a c t  t h a t  t h e  
i n t e g r a r d i n  Eq.(B-5) is a very s lowly changing f u n c t i o n .  
For t h e  s p e c i a l  case i n v e s t i g a t e d  h e r e  ( O = O )  t h e  cu rves  
r ep resen t ing  t h e  in t eg rand  as a f u n c t i o n  of t are p a r a l l e l  
t o  each o t h e r  as t h e  parameter  Y is  changed. T h i s  is  r e a d i l y  
seen from t h e  f a c t  t h a t  when w=O: 

2 Y 
z + ' 1 - y  1- t 

However, t h e  in t eg rand  ob ta ined  for t h e  g e n e r a l  case 
( . ! { O )  has a s i m i l a r  slow v a r i a t i o n  a s  a f u n c t i o n  of t a s  can 
been s e e n  from Fig .  C-1.  Hence t h e  conclus ion  reached f o r  
t h i s  s p e c i a l  case can be cons ide red  a p p l i c a b l e  t o  t h e  g e n e r a l  
case. 

n ' t  become i n f i n i t e  It should be noted t h a t  bo th  and - n '  
X 

as X approaches z e r o .  T h i s  p r e s e n t s  no problem i n  t h e  r o u t i n e  
r educ t ion  of s c a l a b l e  t o p s i d e  ionograms s i n c e  t h e  e x i s t e n c e  
of a cont inuous e x t r a o r d i n a r y  t race  up  t o  t h e  s a t e l l i t e ,  
i m p l i e s  t h a t  t h e  local  d e n s i t y  is n o t  z e r o .  I t  i s  q u i t e  
e v i d e n t  t h a t  more e l a b o r a t e  t echn iques  (such as perhaps u s i n g  
s imul taneous ly  0 and X t races ,  as w e l l  a s  v a r i o u s  informat ion  
which might be d e r i v e d  from plasma re sonances ,  and o t h e r  observa-  
t i o n s )  would be r e q u i r e d  f o r  t h e  a n a l y s i s  of ionograms where 
very l o w  l o c a l  d e n s i t i e s  (combined wi th  inadequate  sounder 
r e s o l u t i o n ) ,  cause  t h e  i n i t i a l  (low-frequency) p o r t i o n  of t h e  
ionogram t o  be e i t h e r  poorly d e f i n e d  or completely miss ing .  
Ana lys i s  of incomplete ionograms w i l l  no t  be d i s c u s s e d  i n  t h e  
p r e s e n t  r e p o r t .  However, a few comments w i l l  be made concern ing  
c e r t a i n  l i m i t i n g  cases when ionograms are b a r e l y  ana lyzab le  
due t o  low l o c a l  d e n s i t i e s .  To be s u i t a b l e  f o r  r o u t i n e  a n a l y s i s ,  
t h e  va lue  of fxs-fH should  b e g r e a t e r  t h a n  50 kc ,  because when 



c-5 

fxs-fH is  less t h a n  50 kc t h e  e x i t  p o r t i o n  of t h e  e x t r a -  
o r d i n a r y  trace u s u a l l y  merges wi th  t h e  fH resonance .  A s  

seen  i n  F i g .  C-2 t h i s  cor responds  t o  a t y p i c a l  l o c a l  d e n s i t y  
of 500 e l e c t r o n s  p e r  cc (and a lso t o  a maximum va lue  of Y 

e q u a l  t o  about  0 .9 ) .  The u n c e r t a i n t y  i n  t h e  va lue  of 
fxs-fH can  be reduced cons ide rab ly  f o r  d e n s i t i e s  ranging  
from 500 t o  a f e w  thousand e l e c t r o n s / c c  by measuring 
s e p a r a t e l y  t h e  plasma resonance .  However s i n c e  t h e  minimum 
sounder  f requency is about  0.2 M c ,  ( i . e .  t h e  plasma frequency 
cor responding  t o  500 e l / c c ) ,  d e n s i t i e s  l ess  t h e n  500 el/cc 
cannot  be determined by t h i s  method. To go beyond t h i s  s t a g e  
r e q u i r e s  t r i a l  and error t echn iques ,  such as t r y i n g  several  
i n i t i a l  f-fH v a l u e s  u n t i l  t h e  r e s u l t i n g  p r o f i l e  a p p e a r s  t o  
be "correct". T h i s  method is i l l u s t r a t e d  i n  F i g .  C-3, which 
shows t h e  p r o f i l e s  which would be o b t a i n e d  f o r  t h e  ionogram 
of f i g .  B-6 f o r  v a r i o u s  i n c o r r e c t  v a l u e s  of  f x s :  (0.452, 

0.492 and 0.512 Mc), keeping t h e  o t h e r  d a t a  p o i n t s  u n a l t e r e d .  
These i n c o r r e c t  e x i t  f r e q u e n c i e s  and t h e  co r re spond ing  p r o f i l e s  
are i d e n t i f i e d  by t h e  l e t t e r  A ,  B and C on t h e  ionogram of 

f i g .  B-6 and on F i g .  C-3. I t  is seen t h a t  t h e  i n c o r r e c t  
guesses  produce a f l a t t e n i n g  of t h e  p r o f i l e  d i r e c t l y  below 
t h e  s a t e l l i t e .  Hence, one cou ld  select a s  t h e  c o r r e c t  f x s ,  
t h e  minimum v a l u e  of f x s  which causes t h e  f l a t t e n i n g  t o  
d i s a p p e a r .  T h i s  method is obvious ly  no t  w e l l  s u i t e d  t o  t h e  
r o u t i n e  r e d u c t i o n  of ionograms. 

- 
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7 POINT GAUSSIAN - NO CHANGE IN VARTABIS 

~~~ 

Y Percent  i n c r e a s e  i n  d e n s i t y  wi th in  laminat ion 

1 10 40 60 100 

.1 

.3 

. 5  

. 7  

.9 

5.79 

5.79 

5.79 

5.79 
5.80 

5.63 5.23 5.02 
5.66 5.29 5 . 1 1  

5.68 5.39 5.23 

5.72 5.51 5.39 

5.77 5.69 5.64 

4.70 

4 .82  

4 .98  

5.21 

5.56 

16 POIN" GAUSSIAN - NO CHANGE I N  VARIABLE 

.1 2.63 2.56 2 .38  2.28 2.14 

.3 2.63 2.57 2.41 2.32 2.19 

.5  2.63 2.58 2.45 2 .38  2.27 

.7  2.63 2.60 2.50 2.45 2.37 

.9  2.64 2.62 2 .50  2.56 2.53 

3 POINT GAUSSIAN - CHANGE I N  VARIABLE 

.1 

.3 

.5 

. 7  

.9 

0.000025 0.000044 0.0041 
0.000025 0.000038 0.0036 
0.000025 0.000031 0.0029 

0.000025 0.000021 0.0021 
0.000025 0.000007 0.0008 

0.014 

0.013 
0.011 
0.008 
0.003 

0.065 
0.058 
0.048 
0.035 
0.015 

Table C-1.  Percent  e r r o r  i n  t h e  e v a l u a t i o n  of t h e  group 
l - Y  n '  he ight  i n t e g r a l  J'l-y-c - dx a s  a func t ion  

of Y and of t h e  percent  i n c r e a s e  i n  d e n s i t y  

(100 - '-' l-Y-c  ) f o r  va r ious  i n t e g r a t i o n  techniques .  
Ca lcu la t ions  were performed for t h e  case  of 
l o n g i t u d i n a l  propagat ion.  
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APPENDIX D D - 1  

DISCUSSION OF GSFC N-h PROGRAM 

1. B a s i c  A s s u m p t i o n s  
I n  t h e  GSFC p a r a b o l i c - i n - l o g  N program,  t h e  e l e c t r o n  

d e n s i t y  p r o f i l e  i s  assumed t o  c o n s i s t  of k l a m i n a t i o n s  a s  shown 

i n  F i g .  D - 1 .  

t h e  s a t e l l i t e  h e i g h t  ho and e x t e n d s  down t o  t h e  h e i g h t  h ,  i s  
assumed t o  be l i n e a r - i n - l o g  N .  A l l  o t h e r  l a m i n a t i o n s ,  s u c h  a s  

( h j - l ,  h . )  be tween h e i g h t s  hjj-l and h 

The f i r s t  l a m i n a t i o n  ( h o ,  h l )  which  b e g i n s  a t  

a r e  assumed t o  be 
3 j 

p a r a b o l i c - i n - l o g  N w i t h  c o n t i n u o u s  s l o p e s  a t  t h e  b o u n d a r i e s .  

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

FIRST LAMlN AT ION 

t 

I 1  I 
I n  N. 

J 

1n'N 

F i g .  D - 1  L a m i n a t i o n  Model 



t h  The j- l a m i n a t i o n  i s  d e f i n e d  b y :  
D- 2 

+ b . ( l n  - l 2  N + a  l n -  N .  
J - 1  j-1 j N .  J 

h = h  
3-1 

a n d  b .  
j-1 3-1 

where  a is d e f i n e d  i n  terms o f  t h e  a 
t h e  p r e v i o u s  l a m i n a t i o n  by t h e  r e l a t i o n s h i p :  

j 

N. 

N .  
J - 1  

5-2 
a = a .  + 2 b .  l n -  
j J - 1  J - 1  

(D- 1 )  

parameters o f  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  a s s u m p t i o n s  made o n  t,,e l a m i n a t i o n s  

r e q u i r e  t h a t  t h e  e l e c t r o n  d e n s i t y  must  v a r y  m o n o t o n i c a l l y  w i t h  
a l t i t u d e .  I f  t h e  t o p s i d e  h v s .  1nN p r o f i l e  had  a v a l l e y ,  t h e  

a s s u m p t i o n  t h a t  t h e  s l o p e  b e  c o n t i n u o u s ,  would r e q u i r e  t h a t  t h e r e  
is a t  l e a s t  o n e  p o i n t  where  dh/d I n  N is i n f i n i t e .  S i n c e  
dh/d I n  N = a .  + 2b I n  (N/N ) a n d  s i n c e  t h e  q u a n t i t y  I n  (N/N ) 

is f i n i t e ,  t h i s  would r e q u i r e  t h a t  e i t h e r  a .  or b .  b e  i n f i n i t e .  
The l a m i n a t i o n  f o r m u l a s  u s e d  would t h e n  become m e a n i n g l e s s .  

J j j-1 j-1 

J J 

I n  t h e  N-h p rogram,  t h e  l a m i n a t i o n s  a r e  c a l c u l a t e d  o n e  a t  a 
t i m e ,  i n  t h e  o r d e r  ( h g ,  h l ) ,  ( h l ,  h 2 ) ,  ( h z ,  h3) e t c . .  . Hence a l l  

l a m i n a t i o n s  be tween  t h e  a l t i t u d e s  ho a n d  h .  a r e  known, when t h e  

c a l c u l a t i o n  of  t h e  j- l a m i n a t i o n  i s  p e r f o r m e d .  L e t  f .  r e p r e s e n t  
t h e  f r e q u e n c y  o f  t h e  e x t r a o r d i n a r y  wave r e f l e c t e d  f r o m  t h e  unknown 

t h  J - 1  
J 

h e i g h t  h .  The v i r t u a l  h e i g h t  h . i .  c o r r e s p o n d i n g  t o  f i s  g i v e n  b y :  
J .  J j 

,ho ,hl 

h 

= D P +  I n’dh 
j-1 

h .  
J - 1  + r  n ’  dh (D-3) 

“ h .  
J 

(D-4) 
J h .  

J 

where  DP r e p r e s e n t s  t h e  d e l a y  i n  t h e  p r e v i o u s  l a m i n a t i o n s .  The 

c a l c u l a t i o n  of DP p r e s e n t s  no special p r o b l e m ,  s i n c e  it i n v o l v e s  

c a l c u l a t i o n  o f  i n t e g r a l s  i n  wh ich  a l l  p a r a m e t e r s  are  known. The  
a c t u a l  c a l c u l a t i o n  of  DP w i l l  b e  made c learer  l a t e r .  For t h e  
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p r e s e n t  d i s c u s s i o n  ( c a l c u l a t i o n  of j- t h  l a m i n a t i o n )  i t  w i l l  be  

assumed t h a t  DP i s  known. 

2 .  I n i t i a l  C a l c u l a t i o n  o f  .it" l a m i n a t i o n  ( C o n s t a n t  Y )  
The r e f l e c t i o n  c o n d i t i o n s  a t  t h e  b o t t o m  of  t h e  j- t h  l a m i n a -  

t i o n  c a n  be w r i t t e n  i n  t e r m s  o f  t h e  X and Y n o t a t i o n  o f  Appendix  A 

a s  f o l l o w s :  

x = l - Y  
j j ( D - 5 )  

E q u a t i o n  D-1  c a n  be e x p r e s s e d  i n  t e r m s  of  X by n o t i n g  t h a t  

N X 

j-1 j-1 
- -  -x N 

Making t h e  s u b s t i t u t i n g  i n d i c a t e d  by Eq. (D-7) i n  E q .  ( D - 1 )  

and d i f f e r e n t i a t i n g  Eq. ( D - 1 )  y i e l d s :  

dh = [a + 2b l n ( r ) ]  X 7 dX 
j j j-1 

S u b s t i t u t i n g  t h e  a b o v e  v a l u e  of  d h  i n  Eq.  (D-4) y i e l d s :  

h '  = D P  
j 

n f  X - In(-) 
'j-1 

j-1 X - dX + 2 b j  Jx 
j 

n f  X - In(-) 
'j-1 

j-1 X - dX + 2 b j  Jx 
j 

dX ( D - 9 )  

L e t t i n g  t2  = 1 - X / ( l - Y . )  and n o t i n g  t h a t  dX = - 2 ( l - Y . ) t  d t  

g i v e s  
J J 

- b  S t J - l  4(1-Y.)  $ l r ~ ( L )  t d t  
J o  J 'j-1 

( D - 1 0 )  
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To s i m p l i f y  t h e  n o t a t i o n  of Eq. D - 1 0 ,  t h e  p a r a m e t e r  X w a s  r e t a i n e d  
i n  t h e  f o r m u l a .  I t  m u s t  be u n d e r s t o o d  however  t h a t  i n  Eq. D - 1 0 ,  

X i s  a c t u a l l y  t h e  f o l l o w i n g  f u n c t i o n  of  t :  

2 x = (1-t ) ( l - Y . )  
J 

( D - 1 1 )  

S i m i l a r l y ,  s i n c e  n '  i s  a f u n c t i o n  o f  X ,  Y and 0 ,  t h e  v a l u e s  of  
X e n t e r i n g  i n t o  t h e  c a l c u l a t i o n  o f  n '  a r e  t h o s e  g i v e n  by Eq .  D - 1 1 .  
S i n c e  t h e  v a l u e  of  Y i s  n o t  known i n i t i a l l y ,  it is n e c e s s a r y  
t o  u s e  an e s t i m a t e d  v a l u e  o f  Y ,  t o  compute  t h e  i n t e g r a l s  i n  Eq. 

( D - 1 0 ) .  = Y j - l  and t o  assume t h a t  Y i s  

c o n s t a n t  w i t h i n  t h e  l a m i n a t i o n  and e q u a l  t o  Y j - l .  

meters a r e  t h e n  known i n  Eq. ( D - 1 0 )  and t h e  i n t e g r a l s  c a n  be 

e v a l u a t e d .  R e p r e s e n t i n g  t h e  i n t e g r a l s  a s s o c i a t e d  w i t h  a a n d  
b .  by SA and SB r e s p e c t i v e l y ,  y i e l d s :  

j 

One method is  t o  l e t  Y 
j 

A l l  t h e  p a r a -  

j 

J 

b = (DP - 
j 

h '  - 
j 

( n - 1 2 )  

3. I t e r a t i o n  W i t h  V a r i a b l e  Y 

The a p p r o x i m a t e  a n s w e r  t h u s  o b t a i n e d  f o r  t h e  l a m i n a t i o n  

c a n  be r e f i n e d  by a n  i t e r a t i o n  p r o c e s s ,  i n  which  Y i s  computed 
f o r  t h e  c a l c u l a t e d  v a l u e  of  h and  i n  w h i c h  t h e  v a l u e s  of Y 

e n t e r i n g  i n t o  t h e  n '  c a l c u l a t i o n s  a r e  computed by a s s u m i n g  t h a t  
a t  t h e  t o p  o f  t h e  l a m i n a t i o n  t o  j-1 Y d e c r e a s e s  f r o m  t h e  v a l u e  Y 

t h e  v a l u e  Y a t  t h e  b o t t o m  of t h e  l a m i n a t i o n  a c c o r d i n g  t o :  

j 

j 

j 

K Y =  
( R  + h ) 3  

( D - 1 3 )  

The c o n s t a n t  K and  t h e  e a r t h ' s  r a d i u s  R i n  Eq. ( D - 1 3 )  c a n  be 

e l i m i n a t e d  by making u s e  of  t h e  b o u n d a r y  c o n d i t i o n s :  

(D-14) ( R  + h j - l )  3 = K 
Y . ( R  J + h . ) 3  J = Y j-1 

To e x p r e s s  Y i n  terms of  Y j ,  Y j - l  and  h ,  E q s .  ( D - 1 3 )  and  (D-14) 
a r e  w r i t t e n :  
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R + h  = K/Y1I3 (D-15) 

R + h  j = K/Yj 1/3 (D-16) 

I 
= K/Yj-1 1/3 

j-1 R + h  

f r o m  w h i c h  

h - j  = K ( Y - l l 3  - y 4 3 )  
j 

(D-17) 

( D - 1 8 )  

(D-19) 

The c o n s t a n t  K i s  e l i m i n a t e d  by d i v i d i n g  Eq. ( D - 1 8 )  by Eq. ( D - 1 9 ) .  

S o l v i n g  t h e  r e s u l t i n g  e q u a t i o n  f o r  Y y i e l d s :  

Y .  
(D-20) - Y - 

j-1 J - 1  J 

The v a l u e s  of  h t o  be used  i n  Eq.  (D-20) s h o u l d  be t h o s e  c o r r e s -  

ponding  t o  t h e  v a l u e s  o f  X. I t  i s  t h e r e f o r e  i m p o r t a n t  t o  n o t e  
t h a t  t h e  b o b t a i n e d  f r o m  Eq.  (D-12) was b a s e d  upon t h e  a s s u m p t i o n :  

j 

l - Y  j-1 (D-21) - - 
j 

X 

Hence  t o  be c o n s i s t e n t  t h e  a l t i t u d e  h 

t o  t he  f o r m u l a :  

m u s t  be c a l c u l a t e d  a c c o r d i n g  
j 

X .  X .  

j-1 j j-1 
+ a l n ( e )  + b [1n($-)l2 

h j  = hj-l j 
(D-22) 

where X = l - Y  j j-1 

If Y .  i s  now r e d e f i n e d  i n  terms o f  h ( g i v i n g  X - 1 - Y . )  
J j ’  j J 

Eq.  (D-22) w i l l  n o  l o n g e r  y i e l d  t h e  same v a l u e  o f  
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h .  a t  t h e  r e f l e c t i o n  p o i n t .  I n  o r d e r  t o  p r o c e e d  w i t h  t h e  

i t e r a t i o n  ( and  i n  p a r t i c u l a r  make s u r e  t h a t  Eq.  (D-2Q) w i l l  k e e p  
Y be tween Y and  Y . ) ,  w e  m u s t  e i t h e r  r e d e f i n e  h i n  te rms  o f  

J 

j-1 J j 
X = 1-Y o r  r e c o m p u t e  b s o  t h a t  Eq. (D-22) g i v e s  t h e  same 

I j j’ j 
I I n  t h e  G S F C  p r o g r a m ,  t h e  computed 

j‘ 
v a l u e  o f  h f o r  t h e  new X 

v a l u e  of h is p r e s e r v e d .  The p a r a m e t e r s  Y X and b a r e  

r e d e f i n e d  p r i o r  t o  t h e  i t e r a t i o n  p r o c e s s .  I t e r a t i o n  i s  c o n t i n u e d  
u n t i l  t h e  s u c c e s s i v e  v a l u e s  o b t a i n e d  f o r  h a g r e e  t o  w i t h i n  0 .01  km. 

When t h i s  h a p p e n s  t h e  d i f f e r e n c e  b e t w e e n  t h e  b computed f r o m  
Eq. ( D - 1 2 )  and t h e  b r e e v a l u a t e d  p r i o r  t o  i t e r a t i o n  becomes 
i n s i g n i f i c a n t .  When t h e  d e s i r e d  c o n v e r g e n c e  i s  a c h i e v e d ,  t h e  
f i n a l  value of b i s  t h e  v a l u e  computed f r o m  Eq. (D-12) a n d  t h e  

f i n a l  v a l u e  of h c o r r e s p o n d  t o  t h e  Y and X o b t a i n e d  f r o m  t h e  

p r e v i o u s  c a l c u l a t i o n .  Hence t h e  f i n a l  compromise is made on 
f H .  which  i s  a c t u a l l y  computed ( a n d  s t o r e d  i n  t h e  program)  f o r  

a n  a l t i t u d e  s l i g h t l y  d i f f e r e n t  t h a n  h ( t h e  a l t i t u d e  d i f f e r e n c e ,  
h o w e v e r ,  b e i n g  l e s s  t h a n  10 m e t e r s ) .  

j 
I j j’ j’ j 

I j 

I j 

j 

j 

I j j j 

J 
j 

R e t u r n i n g  t o  t h e  posponed d i s c u s s i o n  o f  DP o f  Eq.  (D-4) ,  
i t  i s  s e e n  t h a t  DP i n v o l v e s  a summation o f  i n t e g r a l s  i d e n t i c a l  
t o  t h o s e  of  t h e  j- l a m i n a t i o n ,  e x c e p t  t h a t  t h e  l i m i t s  a r e  
d i f f e r e n t ,  b u t  known when t h e  j- l a m i n a t i o n  i s  c a l c u l a t e d .  
T h e s e  i n t e g r a l s  a r e  a l s o  e v a l u a t e d  making u s e  o f  t h e  c h a n g e  o f  
v a r i a b l e  t = 1 - X ( 1 - Y . ) ,  and  u s i n g  Eq.  ( D - 2 0 )  t o  v a r y  Y w i t h i n  
t h e  l a m i n a t i o n .  

I t h  

t h  

I 2 
J 

I 
F o r  the f i r s t  l a m i n a t i o n ,  w h i c h  i s  assumed l i n e a r - i n - l o g  N ,  

t h e  c o e f f i c i e n t  - b i s  z e r o  a n d  Eq. ( D - 1 0 )  i s  s o l v e d  f o r  t h e  co- 
t h  e f f i c i e n t  - a .  A c t u a l l y  t h e  f i r s t  c a l c u l a t i o n  made on t h e  j- 

l a m i n a t i o n  i s  a l s o  b a s e d  upon a l i n e a r - i n - l o g  N m e t h o d ;  t h i s  

y i e l d s  a good e s t i m a t e  o f  t h e  v a l u e  o f  h w h i c h  i s  t h e n  u s e d  

a s  t h e  s t a r t i n g  p o i n t  f o r  t h e  i t e r a t i o n  u s i n g  t h e  p a r a b o l i c - i n -  
l o g  N t e c h n i q u e .  

j’ I 
I 
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4 .  M i s c e l l a n e o u s  Comments 
The e x i s t e n c e  o f  a c o n t i n u o u s  e x t r a o r d i n a r y  t r a c e  on a 

t o p s i d e  ionogram u s u a l l y  i m p l i e s  t h a t  t h e  e l e c t r o n  d e n s i t y  

d e c r e a s e s  m o n o t o n i c a l l y  w i t h  a l t i t u d e .  I t  is  t h e o r e t i c a l l y  
p o s s i b l e ,  however ,  t o  o b t a i n  c o n t i n u o u s  e x t r a o r d i n a r y  e c h o e s  
a t  t h e  s a t e l l i t e  f r o m  a r e g i o n  below t h e  s a t e l l i t e  where t h e  
e l e c t r o n  d e n s i t y  i s  c o n s t a n t  o r  even i n c r e a s i n g  w i t h  a l t i t u d e .  

The f o r m u l a  f o r  f x :  

f x  = - '2" + $- J 4 f N 2  + f H 2  

shows t h a t  f o r  a c o n s t a n t  f N ,  t he  v a l u e  of  fx  w i l l  i n c r e a s e  

m o n o t o n i c a l l y  a s  a f u n c t i o n  o f  t he  d i s t a n c e  b e l o w  t h e  s a t e l l i t e ,  
s i m p l y  b e c a u s e  fH  i s  i n c r e a s i n g .  This  can  a l s o  be t r u e  i f  f N  

d e c r e a s e s  m o n o t o n i c a l l y  w i t h  d e p t h  b e l o w  t h e  s a t e l l i t e ,  p r o v i d e d  
t h e  d e c r e a s e  i s  ove r -compensa ted  by t h e  i n c r e a s e  i n  f H .  

It  was p o i n t e d  o u t  e a r l i e r  t h a t  t he  l a m i n a t i o n  f o r m u l a s  
u s e d  f o r  t he  p a r a b o l i c - i n - l o g  N program r e q u i r e  t h a t  t h e  e l e c t r o n  

d e n s i t y  v a r i a t i o n  be mono ton ic .  I n  f a c t ,  s i n c e  t h e  d e n s i t y  

c a n n o t  be c o n t i n u o u s l y  d e c r e a s i n g  be low t h e  s a t e l l i t e ,  t h e  
p a r a b o l i c - i n - l o g  N a s s u m p t i o n s  i m p l y  t h a t  t h e  t o p s i d e  e l e c t r o n  

d e n s i t y  mus t  d e c r e a s e  m o n o t o n i c a l l y  w i t h  a l t i t u d e .  T h i s  assump- 
t i o n  i s  a l s o  i m p l i c i t  i n  t h e  t r a n s f o r m a t i o n  t2 2 1 - X / ( l - Y . ) .  

J 
Even if the p r o f i l e  decreases  m o n o t o n i c a l l y  w i t h  a l t i t u d e ,  

t h e  i t e r a t i o n  p r o c e s s  ( b a s e d  upon t h e  i n i t i a l  a s s u m p t i o n  Y = 

'j-1 
The p e r m i s s i b l e  v a l u e s  of g y r o f r e q u e n c i e s  a t  t h e  b o t t o m  o f  
t h e  l a m i n a t i o n  r a n g e  from t h e  value a t  t h e  t o p  o f  t h e  l amina -  

t o  a maximum va lue  fH c o r r e s p o n d i n g  t o  t h e  m i n i -  t i o n  fH 

mum p e r m i s s i b l e  i n c r e a s e  i n  d e n s i t y .  T h u s ,  i f  we d e f i n e  t h e  
minimum p e r m i s s i b l e  i n c r e a s e  i n  d e n s i t y  a s  0 .1  p e r  c e n t ,  t h e  
q u a n t i t y  fH  i s  d e f i n e d  by: 

j 
) may n o t  c o n v e r g e  if t h e  p r o f i l e  i s  s u f f i c i e n t l y  s t e e p .  

j-1 j M  

j M  

f x  j ( f x j  - f H  j M  ) = (1.001) f x j - l ( f x j - l  - f H j - 1 )  
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j 
True  h e i g h t  c a l c u l a t i o n s  y i e l d  d i f f e r e n t  a n s w e r s  f o r  h a s  f H  

i s  v a r i e d  f rom f H  

p r o c e s s  i s  t o  f i n d  f rom a l l  t h e  p e r m i s s i b l e  v a l u e s  of  h t h e  

p a r t i c u l a r  h e i g h t  h a t  which  t h e  f H  used  i n  t h e  t r u e  h e i g h t  
c a l c u l a t i o n  i s  t h e  same a s  t h e  a c t u a l  v a l u e  of  fH a t  t h e  a l t i -  
t u d e  h The c a l c u l a t i o n s  were  pe r fo rmed  f o r  hS = 2000 km, 
fHS = 0 .45  MHz, fH v a r y i n g  a c c o r d i n g  t o  t h e  i n v e r s e  cube  l a w ,  

8 = 45 , f x S  = 0.50 MHz, and a t  t h e  b o t t o m  of  t h e  f i r s t  l a m i n a -  
t i o n  f l  = 0.52 MHz. 
t h e  f i r s t  l a m i n a t i o n  a r e  shown,as a f u n c t i o n  of  f H  

bo t tom of  t h e  f i r s t  l a m i n a t i o n )  f o r  v a r i o u s  assumed v a l u e s  of  

v i r t u a l  h e i g h t s  ( h l ) .  
i n g  h e i g h t s  a r e  g i v e n  by t h e  c u r v e  L1. 
g y r o f r e q u e n c y  a t  t h e  a l t i t u d e s  shown. The c o r r e c t  h e i g h t  i s  

t h e r e f o r e  g i v e n  by t h e  i n t e r s e c t i o n  of  c u r v e s  L1 and M .  
i n i t i a l  a s s u m p t i o n  i s  fH1 = fIIS, t h e  f i r s t  v a l u e  of  h l  w o u l d  

c o r r e s p o n d  t o  A1. 

f H  a t  B1, which  i s  t h e  c o r r e c t  f H  a t  t h e  a l t i t u d e  of  A1. 

would y i e l d  a n e w  v a l u e  of  h l ,  namely  t h a t  c o r r e s p o n d i n g  t o  C l .  

The s e c o n d  i t e r a t i o n  i s  pe r fo rmed  u s i n g  t h e  fH v a l u e  a t  D1& 
It i s  s e e n  g r a p h i c a l l y  t h a t  t h e  p r o c e s s  c o n v e r g e s  t o  t h e  p o i n t  

O1. The same p r o c e s s ,  however ,  w i l l  n o t  c o n v e r g e  on c u r v e  L z ,  

a l t h o u g h  t h e r e  i s  a s o l u t i o n  a t  02. 

s t a r t e d  w i t h  t h e  maximum p e r m i s s i b l e  v a l u e  o f  f H ,  t h e  i n i t i a l  
h e i g h t  w i l l  b e  a t  P1 on c u r v e  L1 and a t  P2 on c u r v e  L2 .  

s e e n  t h a t  t h e  p r o c e s s  w i l l  t h e n  a l w a y s  c o n v e r g e ,  i f  t h e r e  i s  
a s o l u t i o n .  

s u c h  t h a t  t h e  d e n s i t y  a t  t h e  bo t tom o f  t h e  f i r s t  l a m i n a t i o n  i s  
g r e a t e r  t h a n  t h e  d e n s i t y  a t  t h e  s a t e l l i t e .  

j 
t o  fHjM. The b a s i c  p u r p o s e  of  t h e  i t e r a t i o n  

J - 1  

j’ 
A j 

j 

A* 
0 

The r e s u l t i n g  h e i g h t s  h l  a t  t h e  b o t t o m  of  
-n Fq.  D-2 

( fH  a t  1 

For  example i f  h t l  = 1800  k m ,  t h e  r e s u l t -  
Curve M shows t h e  a c t u a l  

I f  t h e  

The i t e r a t i o n  would t h e n  be per formed u s i n g  
T h i s  

If t h e  c a l c u l a t i o n  i s  

I t  i s  

Curve L3 i s  a n  example  i n  which t h e r e  i s  no  s o l u t i o n  

I n  v iew o f  t h e  above  c o n s i d e r a t i o n ,  t h e  GSFC program p e r -  

fo rms  t h e  i n i t i a l  c a l c u l a t i o n  of  t h e  l a m i n a t i o n s  u s i n g  t h e  v a l u e  
of  f H  d e f i n e d  by Eq. (D-23), p r o v i d e d  fH i s  less  t h a n  1 . 1 5  

f H j - l .  
a l t i t u d e s  w h e r e  t h e  d e n s i t y  i n c r e a s e s  r a p i d l y  w i t h  d e p t h ,  Eq. 
(D-23) l e a d s  t o  u n r e a s o n a b l y  h i g h  v a l u e s  of  fHjM. 

j j M  
T h i s  u p p e r  l i m i t  was s e t  f o r  f H  b e c a u s e  a t  l o w e r  

j M  
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APPENDIX E 

SPATIAL AND TEMPORAL COVERAGE OF TOPSIDE SOUNDINGS 

I n t r o d u c t i o n  
Ground-based s o u n d i n g s  p r o v i d e  c o n t i n u o u s  ( 2 4  h o u r s  p e r  

d a y )  m o n i t o r i n g  of t h e  i o n o s p h e r e  below F2max a t  t h e  v a r i o u s  

s i t e s  where i o n o s p h e r i c  sound ing  s t a t i o n s  a r e  l o c a t e d .  The 
s i t u a t i o n  i s  q u i t e  d i f f e r e n t  w i t h  t h e  t o p s i d e  s o u n d e r ,  s i n c e  
t he  s o u n d i n g s  c a n  t a k e  p l a c e  o n l y  a t  t he  s p e c i f i c  l o c a t i o n s  

and times d i c t a t e d  by t h e  o r b i t .  Thus,  i f  a n  o b s e r v e r  wan ted  
t o p s i d e  d a t a  f o r  a g i v e n  l o c a t i o n  on a g i v e n  d a y ,  t h e  n e a r e s t  

s u b s a t e l l i t e  p o i n t  c o u l d  be 1000 km away f r o m  the l o c a t i o n  o f  
i n t e r e s t .  F u r t h e r m o r e ,  a s suming  t h a t  the  s a t e l l i t e  s o u n d e r  

was t u r n e d  on when t h i s  n e a r e s t  a p p r o a c h  o c c u r r e d ,  t h e  a v a i l a b l e  
s o u n d i n g  would h a v e  been  a t  o n l y  one of t h e  two p o s s i b l e  l o c a l  

mean times f o r  t h a t  p a r t i c u l a r  d a t e .  Due t o  l i m i t a t i o n s  
imposed by  t h e  s a t e l l i t e  power s y s t e m s ,  A l o u e t t e  I and  A l o u e t t e  I1 

o p e r a t e d  i n i t i a l l y  a maximum o f  7 h o u r s  p e r  d a y .  S o l a r  c e l l  
d e g r a d a t i o n  p r o d u c e s  f u r t h e r  r e d u c t i o n  i n  a v a i l a b l e  power ,  and  
a f t e r  o n e  y e a r ,  4 h o u r s  of  o p e r a t i o n  p e r  d a y  is  t y p i c a l  f o r  t h e  

t o p s i d e  s o u n d e r .  F o r t u n a t e l y ,  the  s u b s e q u e n t  s o l a r  c e l l  d e c a y  
i s  less  s e v e r e , a n d  i n  i t s  5 t h  y e a r  o f  o p e r a t i o n ,  A l o u e t t e .  I 

c o u l d  s t i l l  p r o v i d e  2* hours  o f  s o u n d i n g s  p e r  d a y .  
I n  view of t h e  s a t e l l i t e  power l i m i t a t i o n ,  t o p s i d e  s o u n d i n g s  

p r i o r  t o  1965 h a v e  been  c o n c e n t r a t e d  i n  c e r t a i n  g e o g r a p h i c a l  

a r e a s .  Most of t h e  s o u n d i n g s  were c o n d u c t e d  o v e r  t h e  Amer ican  
c o n t i n e n t s .  These d a t a  were  supp lemen ted  w i t h  o b s e r v a t i o n s  

o b t a i n e d  n e a r  W i n k f i e l d ,  ( E n g l a n d ) ,  S i n g a p o r e ,  Woomera ( A u s t r a l i a )  

and H a w a i i .  S i n c e  1965 ,  t h e  g e o g r a p h i c a l  c o v e r a g e  h a s  been 
g r a d u a l l y  i n c r e a s e d  t o  i n c l u d e  W e s t - A f r i c a ,  Norway, A n t a r c t i c a  
and  J a p a n .  

s t u d i e s ,  i t  i s  n e c e s s a r y  t o  know t h e  s a t e l l i t e  o r b i t  ( l o c a t i o n  

and  l o c a l  mean t i m e  of s u b s a t e l l i t e  p o i n t )  and a l s o  t h e  s a t e l l i t e  

Hence i n  o r d e r  t o  u t i l i z e  t o p s i d e  s o u n d e r  d a t a  f o r  c o r r e l a t i v e  
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s c h e d u l e  ( p l a n n e d  g e o g r a p h i c a l  c o v e r a g e  f o r  t o p s i d e  s o u n d i n g s  

and a c t u a l  t imes when t h e  s a t e l l i t e  s o u n d e r  was o p e r a t i n g ) .  
One a d d i t i o n a l  comment s h o u l d  be made c o n c e r n i n g  t h e  a v a i l -  

a b i l i t y  o f  t o p s i d e  s o u n d i n g s .  A s  i s  t h e  c a s e  f o r  o t h e r  s a t e l l i t e  

e x p e r i m e n t s ,  t h e  s c i e n t i f i c  t eams  r e s p o n s i b l e  f o r  t h e  p l a n n i n g  

and  e x e c u t i o n  o f  t h e  p r o j e c t  have f i r s t  r i g h t s  t o  t h e  a c q u i r e d  

d a t a .  The p e r i o d  of t i m e  d u r i n g  wh ich  t h e s e  r i g h t s  a r e  e x e r c i s e d  
i s  a nomina l  yea r  a f t e r  a c q u i s i t i o n  o f  t he  t o p s i d e  i o n o g r a m s .  

One y e a r  a f t e r  t h e  t o p s i d e  ionograms  h a v e  been  p r o c e s s e d ,  c o p i e s  
a r e  d e p o s i t e d  a t  t h e  World Da ta  C e n t e r  i n  B o u l d e r ,  C o l o r a d o ,  and  
t h e s e  c o p i e s  a r e  a v a i l a b l e  t o  anyone  who would l i k e  t o  u s e  t h e m .  

The f o l l o w i n g  d i s c u s s i o n  w i l l  p r o v i d e  some i n d i c a t i o n  o f  

t h e  t o p s i d e  d a t a  which m i g h t  be a v a i l a b l e  f o r  c o r r e l a t i v e  s t u d i e s ,  
i . e .  f o r  s t u d i e s  i n  which  t i m e  and s p a c e  s i m u l t a n e i t y  i s  a n  
i m p o r t a n t  f a c t o r .  

A l o u e t t e  I 
T o p s i d e  s o u n d i n g s  of  t h e  urpper i o n o s p h e r e  w e r e  i n i t i a t e d  on 

S e p t e m b e r  2 9 ,  1962 w i t h  t h e  s u c c e s s f u l  l a u n c h i n g  o f  A l o u e t t e  I .  

T h i s  s a t e l l i t e  was p l a c e d  i n  a n e a r l y  c i r c u l a r  o r b i t  ( a p o g e e  1033 km, 
p e r i g e e  994 k m ) ,  a t  a n  i n c l i n a t i o n  of  8 0 . 4 7  d e g r e e s .  F o r  a n y  

g i v e n  d a y  and l a t i t u d e  t h e  s o u n d i n g s  c a n  be m a d e  a t  o n l y  two l o c a l  
t i m e s  12 h o u r s  a p a r t .  The l o c a l  t i m e  would  be t h e  same a t  a l l  
l a t i t u d e s ,  if the o r b i t  w e r e  p o l a r .  Due t o  t h e  80.5 d e g r e e  

i n c l i n a t i o n ,  t h e  l o c a l  t i m e  a t  t h e  s u b s a t e l l i t e  p o i n t  is n o t  
c o n s t a n t  w i t h  l a t i t u d e .  However t h e  c h a n g e  i n  l o c a l  t ime i s  

s m a l l  a t  l o w  and m i d - l a t i t u d e s  ( t y p i c a l l y  1 h r .  15 m i n .  o v e r  t h e  
l a t i t u d e  r a n g e  f r o m  45' S o u t h  t o  45' N o r t h ) .  
mean t i m e  v a r i e s  by 24 h o u r s  a l o n g  t h e  e n t i r e  o r b i t ,  and s i n c e  
t h i s  c h a n g e  i s  c o n t i n u o u s ,  mos t  of t h e  v a r i a t i o n  i n  LMT on a 

g i v e n  d a y  t a k e s  p l a c e  be tween 6 0  and 80 d e g r e e s  o f  l a t i t u d e .  

S i n c e  t h e  l o c a l  

The combined e f f e c t  o f  t h e  e a r t h  mot ion  a r o u n d  t h e  s u n  
and  o f  t h e  o r b i t  p l a n e  p r e c e s s i o n ,  c a u s e s  t h e  t w o  d a i l y  l o c a l  
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mean t imes t o  c h a n g e  g r a d u a l l y  f rom one day  t o  t h e  n e x t  d a y  i n  
s u c h  a way t h a t  a c o m p l e t e  d i u r n a l  c o v e r a g e  i s  a c h i e v e d  i n  a p e r i o d  

of  3 mon ths .  T h i s  v a r i a t i o n  r e p e a t s  i t s e l f  a l m o s t  e x a c t l y  f rom 

y e a r  t o  y e a r .  Hence a s i n g l e  g r a p h ,  s u c h  a s  t h e  one  shown i n  
F i g .  E-1 ,  can b e  u s e d  t o  e s t i m a t e  t h e  l o c a l  t i m e  a t  which  d a t a  
i s  a v a i l a b l e  f o r  a g i v e n  month and day .  The g r a p h  of F i g .  E - 1 ,  

p r o v i d e s  a l s o  t h i s  i n f o r m a t i o n  f o r  A l o u e t t e  11, b u t  v a l i d  

o n l y  f o r  t h e  y e a r  1966.  The g raph  of  F i g .  E-1  i s  f o r  0 d e g r e e s  
of  l a t i t u d e ,  however  t h e  LMT shown a r e  s t i l l  c o r r e c t  t o  w i t h i n  
- +1 h o u r  f o r  l a t i t u d e s  r a n g i n g  f rom - 6 0  t o  +60 d e g r e e s .  

o n l y  t i m e  s i m u l t a n e i t y ,  b u t  a l s o  s p a c e  s i m u l t a n e i t y  m u s t  be  
a c h i e v e d ,  i t  i s  i m p o r t a n t  t o  know how t h e  p o s i t i o n  of  t h e  n e a r e s t  

s u b s a t e l l i t e  p o i n t  v a r i e s  w i t h  r e s p e c t  t o  a l o c a t i o n  o f  i n t e r e s t .  

On a g i v e n  day  t h e  two n e a r e s t  s u b s a t e l l i t e  t r a c k s  ( f o r  one  of  
t h e  t w o  a v a i l a b l e  l o c a l  mean t imes)  would be  spaced  by 26 .52  

d e g r e e s  of l o n g i t u d e s .  The w o r s t  s i t u a t i o n  would b e  t o  h a v e  
one  o r b i t  1 3 . 2 6  d e g r e e s  West of t h e  d e s i r e d  l o c a t i o n  and t h e  o t h e r  

o r b i t  1 3 . 2 6  d e g r e e s  E a s t .  However,  i f  t h e  n e a r e s t  d a i l y  c r o s s i n g s  
( a t  t h e  l a t i t u d e  of t h e  l o c a t i o n  of i n t e r e s t )  a r e  p l o t t e d  f o r  a 

p e r i o d  o f  7 d a y s ,  it i s  s e e n  t h a t  t h e  c o m p l e t e  s e t  of  n e a r e s t  
c r o s s i n g s  a r e  a l m o s t  u n i f o r m l y  spaced  i n  l o n g i t u d e  ( t h e  s p a c i n g  

i s  e i t h e r  3 .7  o r  3 . 8  d e g r e e s ) .  

be a t  l e a s t  one  s u b s a t e l l i t e  t r a c k w i t h i n  2 d e g r e e s  of  t h e  de-  
s i r e d  l o n g i t u d e .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  E-2 which  shows 

t h e  s e t  of ( n i g h t t i m e  ) e q u a t o r i a l  c r o s s i n g s  n e a r e s t  t o  t h e  
Greenwich  m e r i d i a n  f o r  a n  a r b i t r a r i l y  s e l e c t e d  one week p e r i o d  

b e g i n n i n g  on S e p t  , 20 ,  1964.  The f o l l o w i n g  week ( n o t  shown on 
F i g .  E-2) t h e  e n t i r e  p a t t e r n  i s  r e p e a t e d ,  w i t h  a v e r y  s l i g h t  

l o n g i t u d e  d i s p l a c e m e n t  ( 0 . 1 2 8  d e g r e e s ) .  F o r  t h e  example  shown 
t h e  n e a r e s t  c r o s s i n g  d u r i n g  t h e  f i r s t  week o c c u r r e d  on t h e  6 t h  
d a y  and i t  was 1 .05  d e g r e e s  West of t h e  d e s i r e d  l o c a t i o n  ( 0  de- 

g r e e  l a t i t u d e ,  0 d e g r e e  l o n g i t u d e ) .  On t h e  6 t h  d a y  of  t h e  

second  week t h e  c o r r e s p o n d i n g  c r o s s i n g  would be  0 . 1 2 8  d e g r e e s  
c l o s e r  t o  t h e  Greenwich  m e r i d i a n .  The u p p e r  p o r t i o n  o f  F i g .  E-2 

R e t u r n i n g  t o  t h e  problem of c o r r e l a t i v e  s t u d i e s  where  n o t  

Hence,  i n  a n y  g i v e n  week t h e r e  w i l l  
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shows (on an  e n l a r g e d  l o n g i t u d e  s c a l e )  t h e  p o s i t i o n  of  t h e  two 

n e a r e s t  w e e k l y  c r o s s i n g s  f o r  t h e  3 r d ,  5 t h ,  7 t h ,  9 t h  and 1 1 t h  con-  

s e c u t i v e  weeks .  I t  i s  s e e n  t h a t  on t h e  6 t h  day  o f  t h e  9 t h  week 

t h e  c r o s s i n g  comes the n e a r e s t  t o  t h e  Greenwich  m e r i d i a n  ( i n  
t h i s  p a r t i c u l a r  c a s e  0.04 d e g r e e s ) .  

The p a t t e r n  shown on F i g .  E-2 c h a n g e s  s l i g h t l y  f r o m  y e a r  

t o  y e a r .  The "-day c y c l e  h o l d s  t r u e  f o r  t h e  f i r s t  f o u r  y e a r s  of  
A l o u e t t e  I (and  most  l i k e l y  f o r  i t s  s u b s e q u e n t  l i f e ) .  T h u s ,  

once  e a c h  week, a s u b s a t e l l i t e  t r a c k  can  be found which  i s  w i t h -  
i n  2 d e g r e e s  of l o n g i t u d e  of a n y  p o i n t  on t h e  e a r t h  s u r f a c e  
between -80  d e g r e e s  and + 80 d e g r e e s  o f  l a t i t u d e .  The r a t e  a t  
which t h e  p a t t e r n  of F i g .  E-2 s h i f t s  v a r i e s  s l i g h t l y  f rom y e a r -  

t o - y e a r .  F o r  t h e  example shown ( 4 t h  q u a r t e r  of  1964)  t h e  r a t e  
was 0 . 1 3  d e g r e e  p e r  week .  One y e a r  e a r l i e r  ( O c t  1 9 6 3 )  t h e  
r a t e  was O.O8O/W and one y e a r  l a t e r  ( O c t  1 9 6 5 )  t h e  r a t e  was 

0 . 1 8 O / W .  

t r a c k  t o  a d e s i r e d  l o c a t i o n  can  f i n d  i n  t h e  s a t e l l i t e  World Maps 

t h e  n e c e s s a r y  d a t a  t o  c o n s t r u c t  a g r a p h  s u c h  a s  F i g .  E - 2  f o r  a n y  
l a t i t u d e  and l o n g i t u d e  of i n t e r e s t .  

An e x p e r i m e n t e r  w i s h i n g  t o  f i n d  t h e  n e a r e s t  s u b s a t e l l i t e  

A l o u e t t e  I1 
A l o u e t t e  I1 was l aunched  Nov. 11, 1965 i n  an e c c e n t r i c  o r b i t  

( a p o g e e :  2983 k m ,  p e r i g e e :  5 0 1  k m )  i n c l i n e d  a t  7 9 . 8 3  d e g r e e s .  
The g e n e r a l  comments made on t h e  A l o u e t t e  I d a t a  c o v e r a g e  a r e  a l s o  

a p p l i c a b l e  t o  A l o u e t t e  11. The l o c a l  t i m e  v a r i a t i o n  ( s e e  F i g .  E-1  

and E - 3 )  i s  s i m i l a r  t o  t h a t  of A l o u e t t e  I ,  b u t  s i n c e  t h e  A l o u e t t e  
I1 d i u r n a l  v a r i a t i o n  t a k e s  a b o u t  102 d a y s ,  t h e  v a r i a t i o n  d o e s  n o t  
r e p e a t  i t s e l f  f r o m  y e a r  t o  y e a r .  The p r o c e d u r e  i l l u s t r a t e d  i n  
F i g .  E-2 f o r  f i n d i n g  d a t a  s u i t a b l e  f o r  o q r r e l a t i o n s  r e q u i r i n g  

s p a c e  s i m u l t a n e i t y  can  be  used  w i t h  A l o u e t t e  11. F o r  t h e  f i r s t  
y e a r  o f  A l o u e t t e  I1 o p e r a t i o n ,  t h e  r e c u r r e n t  p a t t e r n  c o r r e s p o n d s  
t o  a 5 d a y  c y c l e ,  g i v i n g  a l o n g i t u d e  s p a c i n g  of  a b o u t  6 d e g r e e s .  
Thus once e v e r y  5 d a y s  t h e r e  w i l l  b e  a t  l e a s t  one s u b s a t e l l i t e  

t r a c k  w i t h i n  3 d e g r e e s  of a d e s i r e d  l o c a t i o n .  The r a t e  a t  wh ich  
t h e  p a t t e r n  s h i f t s  v a r i e s  much more r a p i d l y  t h a n  f o r  A l o u e t t e  I .  
I n  December 1 9 6 5 ,  t h e  5-day A l o u e t t e  I1 p a t t e r n  was moving w e s t -  

ward a t  a r a t e  o f  0 . 8 0  degrees /week .  The wes tward  d r i f t  s lowed 
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down g r a d u a l l y  (0.54'/W i n  A p r i l  1966 ,  0.14O/W i n  O c t  1966)  and 
i n  J a n u a r y  1967 t h e  d r i f t  had r e v e r s e d  i t s  d i r e c t i o n  and  become 

e a s t w a r d  w i t h  a r a t e  0.07 degrees /week .  
I n  view o f  i t s  e c c e n t r i c  o r b i t ,  a n o t h e r  q u e s t i o n  wh ich  may 

be r a i s e d  on A l o u e t t e  I1 i s  t h e  a l t i t u d e  r a n g e  o v e r  w h i c h  

d a t a  i s  a c q u i r e d .  D u e  t o  t h e  r o t a t i o n  o f  t h e  l i n e  o f  a p s i d e s  
t h e  p o s i t i o n  of  a p o g e e  and  p e r i g e e  changes  p e r i o d i c a l l y .  

The a rgumen t  of  p e r i g e e  i s  i n d i c a t e d  on F i g u r e s  E - 1  and 
E-3 .  S i n c e  p e r i g e e  i s  measured  f rom t h e  a s c e n d i n g  n o d e ,  a 

p e r i g e e  of 0 d e g r e e s  o c c u r s  on a N o r t h  - bound p a s s .  S i m i l a r l y  
a p e r i g e e  o f  180 d e g r e e s  o c c u r s  on a S o u t h  - bound p a s s  a t  t h e  

d e s c e n d i n g  node .  When p e r i g e e  i s  a t  9 0  d e g r e e s ,  i t  c o i n c i d e s  
w i t h  t h e  N o r t h  p o i n t ( i . e .  i t  i s  where t h e  n o r t h  bound p a s s  
becomes a s o u t h  bound p a s s ) .  S i m i l a r l y ,  a p e r i g e e  a t  2 7 0  

d e g r e e s  c o i n c i d e s  w i t h  t h e  S o u t h  p o i n t .  S i n c e  t h e  l o c a l  mean 
t i m e  s c a l e  on F i g u r e s  E - 1  and E - 3  c o r r e s p o n d s  t o  t h e  e q u a t o r i a l  

c r o s s i n g s ,  t h e  i n d i c a t e d  l o c a l  mean t imes  a r e  c o r r e c t  a t  p e r i g e e  
wheneve r  p e r i g e e  i s  a t  0 o r  180 d e g r e e s .  The l o c a l  mean t i m e  
when p e r i g e e  i s  a t  90' ( i . e .  a t  t h e  n o r t h  p o i n t )  i s  6 h o u r s  

l a t e r  t h a n  t h e  t i m e  a t  t h e  N o r t h  bound e q u a t o r i a l  c r o s s i n g  

( a s c e n d i n g  n o d e ) .  The l o c a l  mean t i m e  when p e r i g e e  i s  a t  2 7 0  

d e g r e e s  ( i . e .  a t  t h e  south p o i n t )  i s  6 h o u r s  e a r l i e r  t h a n  t h e  
t i m e  a t  t h e  a s c e n d i n g  node .  I t  i s  s e e n  f r o m  F i g u r e  E - 1  t h a t  

a p o g e e  a t  t h e  e q u a t o r  o c c u r r e d  a t  a p p r o x i m a t e l y  m i d n i g h t  i n  
F e b r u a r y  1966.  I n  March 1 9 6 7 ,  apogee  o c c u r r e d  a t  t h e  e q u a t o r  

a t  a p p r o x i m a t e l y  3 A . M .  l o c a l  mean t i m e .  Thence  one  c a n  
e x p e c t  t h a t  a p o g e e  w i l l  o c c u r  a t  t h e  e q u a t o r  a t  noon i n  1970 .  

T y p i c a l  h e i g h t  v a r i a t i o n s  a s  a f u n c t i o n  o f  a l t i t u d e  a r e  shown 
on F i g u r e  E-4.  S i n c e  a p o g e e  a t  t h e  e q u a t o r  c a n  o c c u r  f o r  

e i t h e r  p e r i g e e  a t  0 d e g r e e  o r  p e r i g e e  a t  180 d e g r e e s ,  it i s  

n e c e s s a r y  t o  i n d i c a t e  how t h e  g raph  s h o u l d  be r e a d  a s  a f u n c t i o n  

o f  t i m e .  F o r  i n c r e a s i n g  t i m e ,  t h e  curve  o f  F i g .  E-4 i s  t r a c e d  
c l o c k w i s e  when p e r i g e e  i s  a t  0 d e g r e e  and  c o u n t e r c l o c k w i s e  when 
p e r i g e e  i s  a t  180 d e g r e e s .  E l e c t r o n  d e n s i t y  o o n t o u r s  o b t a i n e d  

when p e r i g e e  i s  n e a r  t h e  S o u t h  p o i n t  a r e  g i v e n  i n  F i g .  8. 
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